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ABSTRACT 
 
High consumption of imported energy in the United States and other countries 
has increased the interest in bio-renewable sources of energy.  This interest has fueled 
research into crop residues as one potential alternative fuel source.  At issue is how to 
balance economic viability with the sustainability of the endeavor.   
The objective of this project was two-fold.  The first objective was to quantify 
the amount and distribution of dry matter, moisture, fiber, and minerals in corn stover 
from a number of corn hybrids, grown at varying population densities.  In this multi-
year study we found that of the stover material remaining after harvest roughly 55% is 
found in the stalk and leaf material below the ear, 25% in the stalk and leaf material 
above the ear and the remaining 20% is found in the cob (12%) and husk (8%).  The 
moisture, composition, and mineral concentration were significantly affected by year, 
planting density, and hybrid.  Due to the highly variable quantities of biomass and the 
composition and nutrient concentrations within the stover fractions our guidance is to 
collect and analyze representative samples from each field level treatment in order to 
accurately predict stover constituents.   
The second objective was to develop a predictive model which can be used to 
quantify corn stover biomass present on a given field.  Harvest index (HI) values were 
calculated in order to evaluate their value in predicting stover biomass.  However the 
significant variability observed in the two years tested limited the usefulness of this 
xi 
 
 
ratio in predicting stover biomass. Given the variation in HI, its utility as a stable, 
predictive measurement across years and productivity levels for the estimation of 
stover biomass is questionable. In the evaluation of HI commercially available corn 
hybrids averaged 0.55 kg kg-1and can achieve HI levels of 0.60 kg kg-1 in highly 
productive environments.  However, under stressful conditions these levels are 
significantly lower.  Plant density is a significant variable for HI in stressful conditions.  
Additional morphological measurements were collected for the development of 
an allometric model.  A trend was observed for the fractions evaluated and a composite 
model fit the corresponding measured biomass with an adjusted R2 of 0.55.  However, 
when the model was applied to the validation data set, very poor predictions were 
observed for each fraction and in composite.      
The data gathered from this research, which was gathered and utilized to 
develop predictive models for the estimation of corn stover biomass, characterized a 
large amount of variation which exists across current corn production variables.  To 
characterize this variation properly the data suggest adequate sampling across all field 
level variables is necessary to accurately predict corn stover biomass.  If estimates must 
be made it is suggested to use conservative estimates of stover biomass, for example a 
HI ratio of 0.55 : 0.45 kg kg-1 of grain to stover.  It is hoped that with this conservative 
estimate and other field level considerations such as slope and soil type that adequate 
residue remains on the soil to protect and build our natural resources in a sustainable 
manner.
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CHAPTER I 
 LITERATURE REVIEW 
INTRODUCTION 
Corn stover is a broad term which describes all of the above ground biomass 
from the corn crop except the grain.  This biomass is comprised of structural 
components including stalks, leaves, tassel, husk, and cob.  The U.S. Department of 
Energy estimates that over 76 million metric tons of corn stover are available from the 
roughly 28 million hectares of corn produced each year (Perlack, 2005).  This availability 
is one of the most important reasons it is so attractive as a potential feedstock for fuel 
and other industrial uses.   
Corn stover is classified as lignocellulosic biomass.  Lignocellulosic materials, in 
general, refer to the cell walls of fibrous or woody plants.  This material is mostly 
composed most directly of cellulose, hemicelluloses, and lignin. Cellulose, the most 
abundant polymer on earth, is comprised of sugars bonded by β 1-4 glycosidic linkages 
(Berg et al., 2007).  Hemicelluloses are a class of highly branched polymers comprised 
of a range of carbohydrates.  Lignin is a complex heteropolymer of phenolic compounds 
that is highly resistant to biodegradation. These components, along with the other cell 
wall components, form a matrix that is highly resistant to hydrolysis (Zaldivar et al., 
2001).  The cellulose and hemicellulose components in corn stover are long chain 
polymers of carbohydrates that, while not readily available chemically, represent a 
substantial source of stored energy.  However the structural bonds of the cellulose,  as 
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well as the  lignin fraction, pose a significant barrier in the utility of this potential 
energy source (U.S. DOE, 2006). 
The release of the Biomass as Feedstock for a Bioenergy and Bioproducts 
Industry (Perlack et al., 2005) and the subsequent U.S. Billion-Ton Update (Perlack and 
Stokes, 2011) reports by the DOE provide guidelines for the technical feasibility of a 
billion-ton annual supply of biomass for bioenergy conversion.  In the 2005 report the 
fourth section describes the utilization of agricultural residues for biomass fuels. In this 
section the authors state that corn stover, given its broad acreage and area of 
adaptability, would be the commodity crop with the most abundant supply of excess 
residue.  The guidelines of this report, as it pertained to agricultural residues, centered 
around corn stover as a target feedstock for bio-energy production (Perlack et al., 
2005). 
In the case of corn stover biomass there are several plausible end use 
possibilities.  The three options in mind while researching this paper are: a) utility in 
ruminant animal rations, b) feedstock for cellulosic ethanol, c) simple combustion or 
pyrolysis in industrial furnaces for heat and byproducts.   
  Corn stover has been collected to supplement rations of ruminant animals for 
decades. Several methodologies exist for this scenario with varying equipment and 
utility.  In general there are two methods that are broadly utilized.  First the biomass 
can be collected as dry material and stored.  The second methodology involves 
collecting the material wet and treating it as an ensiled product.  In either scenario the 
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stover could potentially be treated to improve its digestibility and suitability as a 
feedstuff (Shinners et al., 2007)  Subsequently, this would reduce the burden placed on 
the corn grain commodity to serve both ethanol refinery and livestock feed yard.   
More recently corn stover has been targeted as a feedstock for cellulosic 
ethanol production.  In 2002 a study conducted by the National Renewable Energy 
Laboratory concluded that about 60 – 80 million dry ton of stover could be potentially 
available annually for ethanol production.  Given this value and assuming an ethanol 
yield of 330 L / dry ton (80gal/dry ton) only 33 million dry ton / yr of corn stover would 
be needed to achieve the capacity of 11 billion L (3 billion gal) per year (Kadam and 
McMillan, 2003).  
In the simplest case, corn stover could simply be burned or transformed into 
higher energy intermediates through pyrolysis.  Early settlers often burned corn cobs as 
a heat fuel source.  In more recent years this practice has been tried and proven to be 
viable in practice.  Pordesimo et al. (2005) conducted a project to evaluate the 
combustion energy of different stover fractions.  A recent project undertaken by Deere 
& Co., ADM, and Monsanto Co. showed burning corn stover in lieu of coal as 10% of the 
burner fuel on a dry matter basis was feasible in the operation of a power plant utilizing 
a fluidized bed boiler. The process did vary greatly with the quality of the corn stover, 
particularly with the moisture concentration within the stover. 
 
 
4 
 
 
Composition of Corn Stover 
  Corn stover has differing botanical fractions which each have unique 
compositional characteristics.  The stalk fraction accounts for more than half of the 
total stover fraction.  This is followed by leaves, cobs, and husk.  Most of the stalk tissue 
is concentrated in the rind, a mixture of densely packed vascular bundles embedded in 
the outer periphery of the internodes.  This tissue accounts for less than 20% of the 
cross sectional area of the stalk, but more than 80% of the stalks dried mass (Dhugga, 
2007).  Shinners and Binversie, (2007) concluded that at the time corresponding to 
mechanical grain harvest approximately 15%, 8%, 21%, and 56% of the total stover dry 
mass resided in the cob, husk, leaf, and stalk fractions respectfully.  Another study by 
Pordesimo et al. (2004), reported that for the total above ground biomass the 
distribution was 45.9% grain, 27.5% stalk, 11.4% leaf, 8.2% cob, and 7.0% husk.  Taking 
away the grain fraction and calculating only stover the values are very similar to those 
found by Shinners and Binversie (2007).  The distribution of the biomass vertically 
through the plant also varies in a generally predictable manner.  Wilhelm et al. (2010), 
reported that the relationship between relative height and biomass was consistent 
among sites and relative stover biomass measured, as a function of relative cutting 
height, showed a strong (R2=0.93) and nearly linear relationship (Wilhelm et al., 2010a). 
Lignocellulose is composed mainly of three different fiber fractions.  These are 
cellulose, hemicellulose, and lignin.  In general terms they are present in dry mass 
percentages of 45%, 30%, and 25% in most lignocellulosic materials (Zaldivar et al., 
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2001).   Cellulose in plant biomass is the principal target carbohydrate for use in biofuel 
production (Demura and Ye, 2010).  The cellulose, hemicelluloses and lignin of forage 
crops is traditionally measured using the Van Soest detergent fiber method (Goering 
and Van Soest, 1970). Using this method, researchers can determine percentages of 
neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin 
(ADL), and from these fractions calculate the contributing cell wall constituents (Van 
Soest, 1994). Soluble cellular contents are removed by refluxing the material in a 
neutral-detergent solution, recovering the cellulose, hemicellulose, and lignin. 
Hemicellulose is solubilized in a dilute acid-detergent solution, and cellulose and lignin 
are recovered. Therefore, the hemicellulose fraction is calculated as the difference 
between NDF and ADF. Cellulose is removed from the ADF fraction by hydrolysis with a 
strong acid, and lignin is recovered. Cellulose is determined from the difference 
between ADF and ADL.  An ashing procedure is performed after the ADL step to 
account for the remaining mineral material and lignin can then be calculated as the 
difference between ADL and the remaining ash.   
Lignocelluloses are made amenable to fermentation, by undergoing treatments 
that release the monomeric sugars, which then can be digested by microorganisms 
(Zaldivar et al., 2001).   Due to the high degree of recalcitrance pretreatment steps are 
required for fermentation.  The pre-treatment includes any steps taken to break apart 
the cellulose, hemicellulose, lignin matrix by methods such as temperature, acid, or 
enzymatic treatment.  This facilitates biological hydrolysis in breaking down the sugar 
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polymers into their component sugars which are then available for fermentation 
(Houghton et al., 2005)  In large scale fermentation cellulose processing cannot 
commence optimally until improvements are made in a) the relatively slow kinetics of 
breaking down pure cellulose into simple sugars, b) the low yields of sugars from other 
plant polysacchairdes, and c) the removal of lignin (Himmel et al., 2007). 
Compositional analysis of corn stover fractions gathered over time shows that 
the chemical composition of the different anatomical fractions of corn stover differ 
from each other at the same time in physiological development.  This research also 
shows that the chemical composition of an individual anatomical fraction changes even 
during the end period of the corn plant’s life cycle (Pordesimo et al., 2005) 
Variability in moisture and nutrient concentrations of corn stover limit stover’s 
broad utility.  The moisture concentration of corn stover is an important variable as it 
must be within tolerances to allow proper dry storage; or, if wet ensiling is targeted, 
accounted for in the additional transport costs.  Additionally the heterogeneous nature 
of the moisture concentration in the various fractions of the plant is important because 
it plays a role in what portions could be potentially collected in a specific feedstock 
collection scenario.  The bottom half of the stalk remains at much higher moisture than 
the top half throughout the fall harvest period.  The top quarter of the stalk, with is 
thinner, dries more rapidly.  The three year average moisture variation in one study 
was 69% - 56%, 63% - 45%, 52% - 32%, and 63% - 27% for the whole, top-three-
quarters, top half, and top-quarter of the stalk when the grain moisture was less than 
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30% (Shinners et al., 2007).  Harvesting too much of the lower stalk, typically the 
fraction with the highest water concentration,  increases the overall stover water 
concentration, and increases transport costs (Hoskinson et al., 2007).  As a rule of 
thumb the overall stover : grain moisture ratio was just slightly greater than 2.15:1 
when grain moisture was less than 30% based on a three year average (Shinners et al., 
2007)  Moisture concentration should also be taken into consideration when evaluating 
harvesting efficiency, capacity, storage, and quality.  The moisture concentration of the 
material will directly impact the collection and storage methods as described by 
Shinners et al. (2007).  
As the plant grows mineral nutrients are incorporated within the growing 
tissues.  Available research characterizes the mineral nutrient concentration of maize 
quite well as the plant develops through physiological maturity (Abendroth et al., 
2011).  These nutrients are quantified cumulatively in the ash fraction of a digested 
stover sample and are ultimately mineralized back into the soil when stover is 
incorporated.   
Stover nutrient concentration is not as well characterized but is provided in 
some of the available literature.  In a study evaluating various harvest scenarios 
Hoskinson et al. (2007) showed an average nutrient concentration of 7.50, .69, 9.98 in 
mg g-1 for N, P, and K respectively with significant variation for N and K concentrations 
among harvest scenarios.  Mineral nutrient concentration of the stover also varies by 
botanical fraction, as shown by the variation between cutting heights.  Because of this 
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fact it is important to evaluate, or at least identify, the portion of the plant that is being 
tested (Pordesimo et al., 2004). 
Collection and Fractionation 
Given the variation present in the compositional, mineral and water 
concentration of the stover there are many collection, storage, and processing issues 
that need to be determined in a commercial stover collection operation.  There are 
different botanical portions that could potentially be individually targeted for 
collection.   This is because the fractions differ in their composition.  For example the 
leaves and sheaths could be converted to ethanol at a higher efficiency than the stalk 
fractions due to the high lignin concentration and recalcitrant nature of the stalks 
(Himmel et al., 2007). Fractions can be gathered a number of different ways which have 
been well documented in the literature describing corn stover as a potential feedstock 
biomass. These include various forms of compiling the stover into a row usually by 
shredding or raking and the unitizing the stover into storable units such as bales, bags, 
or silos (Pordesimo et al., 2004; Hoskinson et al., 2007; Shinners et al., 2007; 
Sokhansanj et al., 2008;).  
Environmental Impact:  Arguably, one of the most significant of these studies 
addressing environmental impacts of stover collection was the billion ton vision 
conducted by the United States Department of Energy (DOE) and Environmental 
Protection Agency (EPA).  Their report essentially states that a portion of the stover 
must remain on the land, but with best management practices a substantial fraction of 
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the stover may be removed.  Their findings were that “the single largest source of this 
(agricultural residue) potential is corn residue or corn stover” (Perlack and Stokes, 
2011).  Another aspect of stover than cannot be overlooked is its contribution to the 
soil as a source of organic carbon and nutrients as well as a ground cover that prevents 
erosion and runoff.  Wilhelm et al. (2004, pg. 3) wrote very succinctly “the collection of 
corn stover for the use as a bio-ethanol feedstock must be limited to accommodate the 
other objectives for residue within the production system and consider the current soil 
conservation measures used on a site by site basis.  One of the most important, but 
certainly not the only need, is erosion protection”.  Indeed, some residues are needed 
to protect the soil and to maintain or increase its productivity levels (Wilhelm et al., 
2004). This issue has been addressed by many investigators.  Research has shown that, 
given the current U.S. corn production levels, 91.8 to 106.1 million Mg of stover would 
be potentially collectable if farmers wished to manage their corn lands to produce 
harvestable grain and stover.  These figures do not factor in the requirement to 
maintain or enhance soil organic matter and tilth.  This would require more stover to be 
left on site than the original estimate which considered only soil erosion potential and 
soil moisture constraints (Graham et al., 2007). 
Sustainable Collection of Corn Stover 
 Corn Stover has been reviewed in recent years as a potential feedstock in bio-
renewable fuel processes.  Stover has been collected on a small scale for many decades 
to be used as bedding or supplemental feed for beef animals.  Numerous hypotheses 
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have been put forward theorizing how the feedstock may be utilized.  This list includes, 
but is not limited to, enzymatic hydrolysis of cellulose to fermentable sugars for ethanol 
production, direct combustion, utilization as a cellulosic supplement to paper pulp and 
other manufactured products, or as a feedstock for gasification to produce electricity 
(Shinners and Binversie, 2007). 
Corn residue also serves another very important purpose with regards to 
environmental sustainability.  After a corn crop is harvested for grain, the residue 
purposefully serves as a preventative measure against wind and water soil erosion, as a 
soil carbon deposition source, and as organic matter for nutrient and mineral cycling 
and buffering(Wilhelm et al., 2010b).  If corn stover is to be removed from the field 
consideration should be given to what are the prudent parameters to evaluate when 
deciding the best methodology and management of the operation in order to be 
economically, environmentally and socially sustainable (Johnson et al., 2010). 
Given these and other valuable uses for the stover, a vast range of collection 
methodologies have been developed.  For these end-use feedstocks, the corn stover 
must be collected from fields and kept in some form of temporary storage.  The most 
common form of storage is in the form of similar forage materials as a baled product or 
in loosely packed bags.  Ensiling techniques may also be employed.  Chemical 
stabilization of the stover by increasing or decreasing pH is also possible (Edgerton et 
al., 2010).   The storage form is very dependent upon the moisture of the stover.  
Generally if a dry form is to be utilized the residue must be wind-rowed and allowed to 
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dry to storable moisture concentration to prevent microbial decomposition.  These 
windrows utilized by baling or forage harvester collection equipment can be produced 
in many ways.  Some examples include using a hay rake, or the process can be modified 
to collect more stover by first mowing the corn stalks and then raking.  In recent years, 
additional equipment has been developed for combine harvesters to allow a single pass 
windrowing of the material in the same equipment pass as grain collection.  The 
windrowing corn head manufactured by New Holland (Jim Streater – personal 
communication) combines a chopping corn head with other collection mechanisms to 
produce a windrow of stover material under the combine head.  After the windrow of 
chopped stover is deposited under the combine, the cobs and husks are dropped from 
the back of the machine onto the top of the wind-row.  In another approach, a single 
pass collection system developed specifically for the combine harvester has been 
developed.  This concept allows the combine to collect the loose product as it flows 
through the machine, process it and blow it into a waiting hauler; foregoing the 
windrowing step. (Hoskinson et al., 2007) These systems collect material which 
proceeds to either ensiling or chemical stabilization treatments due to the highly 
variable moisture concentrations encountered. 
With the additional, and potentially great ,demand for corn stover (Perlack and 
Stokes, 2011) as a bio-renewable resource  the topic of sustainable removal has been 
discussed by many authors (Wilhelm et al., 2004)(Johnson et al., 2010)(Karlen, 2010).  
At issue is the necessity to provide adequate cover on the soil surface to prevent 
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erosion and runoff while at the same time facilitating the removal of excess stover for 
other end use purposes.  Most stover collection research has centered around deriving 
a quantity or mass of stover that must remain on the soil surface to prevent erosion. In 
order to acquire this variable the implementation of a soil conditioning index such as 
the one present in RUSLE2 (Foster et al., 2001) has been employed (Hoskinson et al., 
2007)(Edgerton et al., 2010). The goal of this type of index is to incorporate soil 
properties, field information, and management practices to provide an estimate of the 
amount of residue required to prevent water erosion.  Similar work has been done with 
models such as WEPS (Retta et al., 1996) to address wind erosion.  One weakness of 
this technique is the limitation of the model to accept only one field level value for the 
inputs into the model.  These input variables include field slope, harvest index, yield 
level, etc.  Thus, the ability to predict the amount of biomass present per unit of land 
area is only representative of the area of land that has the exact parameters of the 
model.   
To estimate residual biomass data is input for the level of grain yield and an 
assumption is made as to the harvest index ratio (HI), or the proportion of grain to non-
grain biomass.  This value has been shown to be variable in maize (Pordesimo et al., 
2004).  The sources of HI variation are numerous but generally stem from the 
morphology and determinant timing of reproductive development of the maize crop 
where kernel number or development is impacted (Tollenaar et al., 2004).  Because of 
13 
 
 
the reported variation of this input variable, one can expect a level of error associated 
with the assumption as the harvest indices fluctuates across a given field.   
In order to make a more robust model across the many variable field and yield 
parameters seen across any production field of corn, changes would need to be made 
to the model to accept information on a more spatially oriented level to aid in a 
collection model where yield information, either historic or simultaneous, would be 
available.  Studies have proposed such a methodology that would incorporate sub-field 
inputs into a model to generate collection models for different zones of individual fields 
(Muth and Bryden, 2013). This type of model would be able to incorporate sub-field 
characteristics for inputs such as slope and yield.  It would still be limited, however, by 
an estimation of total biomass or stover biomass derived from the yield number.  The 
simplest estimation of this number comes in the form of an estimation of HI.  
Alternatively, collection techniques could be developed based on how the maize 
biomass is partitioned within the crop canopy.  Shinners and Binversie, (2007) found 
that approximately 56% of the stover dry mass was in the stalk, 21% in the leaves, 15% 
in the cob, and 8% in the husk.  Pordesimo et al., found that about 50% of the non-grain 
biomass was comprised of stalk material at the time of grain harvest.  Barten et al., 
(2013) found, of the remaining non-grain plant material at harvest, roughly 55% is 
found in the stalk and leaf material below the ear, 25% is in the stalk and leaf material 
above the ear and the remaining 20% is found in the cob (12%) and the husk (8%). 
Other authors such as Wilhelm, et al. (2010a), have evaluated the vertical distribution 
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of biomass within a maize crop canopy and how cutting height affects the amount of 
remaining residue.  This effort provides data that details proportionally, by height and 
by botanical fraction, how biomass is distributed within a particular field and how the 
amount of corn stover collected or returned varies proportionally with the cutting 
height.  Wilhelm, et al. (2010a), also makes the important point that there were 
differences in HI which were dependent upon when the stover was collected.  Harvest 
index (HI) is typically reported as the proportional relationship in grain and non-grain 
biomass at physiological maturity.  However, as the crop senesces and weathers 
biomass is lost from the plant as the leaf and other materials abscise and fall to the 
ground.  This result will be defined as the term intactness.  This loss would affect the 
ratio of grain to non-grain biomass.  This effect on the HI ratio was also seen by 
(Pordesimo et al., 2004) with less intact non-grain biomass when compared to results 
when stover is collected at the typical time near the end of reproductive development 
or physiological maturity.  This result means that there needs to be a more accurate, 
spatially dependent assessment of available biomass made before harvest to ascertain 
the actual amount of non-grain biomass available across variable field parameters.   
Significant effort has been placed into modeling or predicting crop growth.  In a 
generic plant model, environmental data including temperature and rainfall events 
coupled with soil parameters, such as depth and water holding capacity, are utilized to 
predict biomass accumulation and partitioning to a mathematically parameterized 
plant growth model with predetermined growth characteristics.  The parameterization 
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of the growth curves and the partitioning and allocation variables are determined by 
actual growth curves derived from data collected from the subject crop.  These 
parameters and subsequent prediction models can be very complex or quite simplistic 
(Prusinkiewicz and Runions, 2012).  This allows a general sense of plant development to 
be understood given different growth or management scenarios.  An effort to produce 
an improved model led to the combination of approaches that culminated in the 
development of the Hybrid-maize model.  Yang et al., (2004) discuss the two most 
common approaches used in Hybrid-maize and give a review of theories behind them.  
Hybrid-maize focuses on combining generic assimilate driven functions for 
photosynthesis and respiration with more in depth formulations for phenological 
development and partitioning to various organs and botanical fractions.  This model 
also tries to take biomass prediction a step further by allowing the user to select from a 
hybrid category which best represents the hybrids for specific simulations.   
Plant growth and development models predict plant biomass quantity and 
fractionation, and this information may be incorporated into other models to develop 
data at a larger macro scale.  An example would be the Wind Erosion Prediction System 
(WEPS) which utilizes a crop growth sub-routine to estimate leaf, stem, and 
reproductive masses (Retta et al., 1996).  This information is then used with historical 
weather data and results from field erosion experiments to predict the potential for 
wind erosion given various management scenarios.  One such scenario would be the 
removal of stover for the utilization as a co-product or feedstock for other commercial 
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uses.  Edgerton et al., (2010) describes a similar methodology utilizing the Soil 
Conditioning Index (SCI) from the Revised Universal Soil Loss Equation v.2 (RUSLE2) 
model to predict the amount of excess stover which could be removed from targeted 
fields.  Their study used actual grower input and management data as well as biomass 
estimations to predict the mass of stover which must remain to maintain a positive soil 
index value.  This project concluded that field specific stover retention rates could be 
estimated and collection could be made based on these estimates as well.  There are 
however, still limitations when implementing model predictions on a whole field or 
sub-field basis.  All models utilize empirical or fitted responses to determine crop 
growth and development.  If the necessity is for a more integrated, site-specific 
application of a model then inputs for the model would need to be incorporated to 
allow more flexibility.  Data for these inputs would have to come directly from the field.  
Likewise, all of the other inputs into the model such as soil type, slope, yield level or 
total biomass levels would also need to be estimated on a site-specific level.  This 
variable rate concept was discussed by Muth and Bryden, (2013) to evaluate a 
sustainable methodology for residue removal using variable rate technology.  This work 
concluded that variable rate collection would improve the sustainability of the practice 
of residue removal and potentially allow for more removal than a whole field collection 
guideline.  Large variation was found across fields for acceptable removal rates with 
much of the variation coming from soil type and slope variables as well as the 
productivity and available biomass found at the sub-field level.   
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If a variable rate approach in a one pass collection system were to be truly 
integrated into a harvest system then the final collection decision and rate calculations 
would be required at the time of that one pass during grain harvest.  In many modern 
combine harvesters, on board yield monitors provide real time data for the mass of 
grain being collected, but collectors are left to an estimation of biomass.  The problem 
then becomes what data is required to predict the estimation of stover biomass?  
Previous studies cited earlier have utilized a HI estimation based on grain mass.  
However the reported differences seen in HI from physiological maturity to grain 
harvest prohibit an accurate measurement of stover present at physiological maturity 
and the typical time of collection which would be at grain harvest.  At this time a 
potentially high amount of senescence and weathering can have taken place. 
Allometry 
 Allometry is the study of size and its biological consequences.  Described 
further specifically for the kingdom plantae, it is the relationship between allocation 
and prioritization of plant resources.  As plants and their respective anatomy become 
larger there are well studied relationships to other plant fractions.  Weiner, (2004) 
provides a very good discussion of allocation of resources and how it relates to 
plasticity and allometry.  He writes “many allocation patterns follow allometric 
trajectories and are therefore a function of plant size.  The partitioning ratio view is size 
independent, but almost all plant allocation patterns are size dependent.”  Because of 
these relationships, allometric modeling may be an appropriate approach to predict 
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available biomass for situational corn stover collection.  Allometry has been successfully 
utilized to characterize plant growth relationships.  Simple allometric relationships 
were used by Rossini (2011) as a nondestructive means to predict plant biomass.  
Measurements included stem diameter, plant height and ear diameter after 
reproductive growth had initiated.  These data provided very good prediction estimates 
high R2 for biomass in both vegetative and reproductive growth phases. 
Allometric relationships allow researchers to predict annual growth in the 
production of leaf, stem, root and other tissues at the level of the individual plant.   
Predictions from these relationships can be examined empirically by comparing 
predicted and observed scaling components for each relationship.  These comparisons 
proved a statistical measure for each relationship (Niklas, 2004).   
When performing allometric analysis typically the measurement of one 
anatomical characteristic (γ)  is equal to an allometric constant (β) multiplied by a 
comparable measure of the organism (X) to an exponent representing a scaling factor 
(α).  
  Eq. 1.     γ=βXα 
 This formula may be expressed logarithmically as log γ= log β  + α log X. In this form of 
the equation log β is the γ-intercept and α is the slope of log γ vs. log X. Log 
transformation is generally done with these types of measurement analyses for several 
reasons.  The transformation can potentially reduces the issues associated with 
working with outliers, the log-transformed data generally comply with statistical 
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assumptions of normality, and it provides a means of comparison independent of units 
of measure (Niklas, 2004).  This type of transformation can lead to some issues when 
analyzing the predictive values or making conclusions from the data.  In some instances 
simple linear equations predict the relationship better than the transformed data.  
Additionally the predictive ability of log-log regression curves sometime over estimate 
the predictability by smoothing out variances present in untransformed data and by 
providing a high correlation coefficient.  Bias can also occur in this type of 
transformation.  When using regression analysis on log-transformed data , the line is fit 
to the mean values of the γ variable.  However, the mean of the log transformed 
variables is the median of the log-normal distribution of data.  Therefore, without 
correction, values reported for the anti-log of the regression line are biased from this 
relationship.   This analysis can be corrected by estimating the standard error of log β.   
Care must also be given to the analysis of transformed data when predicting allometric 
relationships.  Because measurements are typically taken from the same plants it is 
important to understand the violation of independent variables when making analysis.  
Many allometric analyses utilize Type II regression analyses however differences of 
opinion remain on appropriate assumptions about error structure and variance (Niklas, 
2004). 
To use allometric relationships as a means to predict plant biomass or the 
partitioning coefficients between vegetative and reproductive structures, it is 
important to understand which measurements might best correlate with each other.  
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Then, within the context of collection from a single pass harvest the next step would be 
how to determine the amount of this biomass, and what data would be readily 
available for the determination of the coefficients. 
 When making measurements of individuals within a population of plants it is 
important to understand the interaction of those individuals with each other and how 
the interaction could potentially influence their allometric relationships.  There are 
significant relationships between plant density, plant biomass per unit area, and mean 
plant mass. (Deng et al., 2012)   Therefore, plant density will be a key variable to 
include in any biomass prediction model.  As a plant grows within a community it 
influences the growth of its neighbors.  A “zone of influence” (Weiner, 2004) 
determines the extent of this relationship as they grow, consume and compete for 
resources.  For example as plants grow, photoreceptors induce photomorphogenic 
responses influencing both the partitioning of resources, but may also impact the 
ability to further capture these resources (Ballare and Casal, 2000).  These relationships 
also impact individuals within a population from a metabolic standpoint.  Deng et al., 
(2008) reports an increasing body of evidence that scaling relationships of metabolic 
rate vs. mass vs. population density exist.  Their results demonstrated that the 
energetics of the population of plants is based on trade-offs between a variable 
metabolic rate and density rather than a constant allometric exponent.  It is because of 
these trade-offs, that there are some key variables which must be measured in order to 
properly predict the amount of biomass present at a point in a field.   
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Weiner et al. (2001) presented this point in a modeled environment with 
varying density, spatial patterns, and competition levels.  Their paper discusses how 
competition among individuals generally increases the variation in plant size and they 
cite differential growth rates as one of the main effects to evaluate.  While their paper 
was not geared specifically toward a monoculture crop such as maize, the effect on 
density and pattern would certainly have some bearing on the impact seen within a 
field of maize.  If research is to be done on allometric relationships then planting 
density will be one key variable for which to account.  This conclusion was also reached 
by Rossini et al. (2011) when they researched the impact of both nitrogen supply and 
plant density effects on plant biomass.  The conclusion from their research was that 
nitrogen deficiency preceded the reduction in plant biomass attributed to reduced 
irradiance per plant.  Both variables impacted plant growth rates to an extent that 
there was an effect on per plant biomass.  Reduced plant biomass and increased plant 
to plant variability are expected as plant density increases.  Plants subjected to 
increased interplant competition, such as occurs with increasing plant densities, will 
have a comparative reduction in the ability to capture resources.  This may lead to 
significant competitive effects seen in developed plant hierarchies within the crop and 
may lead to dominated plants which do not produce reproductive structures 
(Maddonni et al., 2004)  
The vertical distribution of biomass is also an important consideration when 
developing an allometric model to predict the distribution of plant biomass.  When 
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considering how to model the effect of neighboring plants Weiner et al. (2001) 
discussed the need to account for growth as circles in two dimensions.  The growth 
pattern could also be thought of as ellipsoids in three dimensions that the plant 
occupies with growth being represented by allometric scaling into each of the sections.   
This relationship, of plant height being correlated to biomass, is the basis of a very 
simplistic allometric model.  In fact, very early in development the plant height of maize 
is correlated to final plant growth variables such as grain yield.  (Yin et al., 2003)  Such 
relationships are being incorporated into models and combined with normalized 
differential vegetative indices (NDVI) in attempts to predict biomass and grain yield. 
(Kelly, 2011)  
Data collected from individual points on the plant are also necessary when 
determining allometric relationships. Evaluation of these relationships, between plant 
size and biomass allocation, are important for understanding the chronology of plant 
tissue development.  In maize, mid-season stalk diameter taken between V10 to V12 
was highly correlated with per plant grain yield.  An index of individual plant height and 
stalk diameter also improved the prediction of individual plant grain yield. (Kelly, 2011)  
Specific sections of the plant, from which the measurements are being taken, can also 
help define relationships from different periods of development. As an example in 
maize, the growth relationships between phytomers below the ear can be different 
from those above the ear. (Song et al., 2012)  Therefore, it may be necessary to 
allometrically model the partitioning of biomass to the stem structure into two 
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separate sections with different mathematical functions.  Similarly the reproductive 
growth and development in a maize plant’s life cycle happens in a relatively short 
period of time.  There have been numerous papers which have looked at modeling the 
allometric and partitioning relationships of reproductive growth (Rossini, et al., 2011); 
(Maddonni and Otegui, 2004); (Borrás et al., 2009).  Because maize exhibits 
determinate reproductive growth, the biomass accumulated in these structures should 
correlate well with each other.  This relationship may be able to be leveraged in an 
allometric model.  Variation in a specific botanical fraction can also occur from the 
management practices which impacted the growth of the plants.  Variables such as 
nitrogen availability and plant density can interact to affect plant variables such as stalk 
diameter and plant height. (Boomsma et al., 2009)  
Effectively, what any allometric model would hope to do would be to correlate a 
calculated volume to either the mass or the physical density of a substance so that a 
weight may be calculated.  Pordesimo et al. (2004) were able to derive just such a 
model utilizing simple stalk diameter and plant height measurements for one hybrid.  
These data could be utilized to predict both fresh and dry weight with good accuracy 
(R2 = 0.75).  (Pordesimo et al., 2004)  In another study, botanically separated corn 
stover fractions were found to have densities of 282.38, 81.61, and 127.32 kg m-3 for 
the cob, leaf, and stalk fractions respectively.  The variation in the observed values from 
the different fractions arose from variation in the composition and structures of the 
materials (Zhang et al., 2012).  The samples in their study were highly processed and 
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may not represent the raw material density in terms of mass per unit volume that 
would be expected to occur in a field context. 
Harvest Index   
Harvest Index is defined the proportion of above ground dry matter that is 
partitioned into the grain.  This terminology is a good way to define the relationship 
between the amount of stover and grain biomass produced.  The concept, however, is 
difficult to establish across variables, especially in terms of comparing more elite 
hybrids to their predecessors.  Often two and three way interactions involving 
genotype, plant population density, and environment are significant when these types 
of comparisons are made (Tollenaar and Dwyer, 1999).  Utilizing this response is how 
Vega et al. (2000) compared allometric relationships between shoot and reproductive 
growth.  Via the manipulation of density, the authors were able to manipulate the 
resources available to individual plants.  They could then conclude, in the case of maize, 
that partitioning to reproductive structures was stable for normal sized plants given the 
environment; however, harvest index decreased for small or extremely large plants.  
Donald and Hamblin (1976) described harvest index in cereals.  Their paper evaluated 
the different methods to estimate harvest index and then discussed the effect of 
dwarfing on cereal grains post green revolution.  They stated for harvest index to be 
meaningful, the calculation must be relatively insensitive to plant density or plant size.  
They also suggest an interesting point in their review:  “It is suggested that the 
selection of parents in breeding programs should be extended to include material of 
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high harvest index, even involving genotypes of lower biological yield and grain yield.”  
By accomplishing this they proposed an ideotype would result which, although small 
and low yielding individually, would perform better within a community of plants as is 
found in the monoculture production environments that provide most of the 
developed world’s food resources.  They explained, that within each of the cereals 
there may be unexplored sources of “high efficiency of grain production” overlooked 
because their production is low.   Harvest index is a measurement of the relationship of 
genetic and environmental interactions.  When describing selections of lines or 
cultivars they state “like all measurements harvest index may be a tool which allows us 
to discover the mechanisms (in terms of yield) which contribute to its value.” (Donald & 
Hamblin 1976).   
Crosby and Mock (1981) conducted a breeding study to evaluate how changes 
in physiological traits were associated with grain yield improvements in three maize 
breeding programs.  They showed that the harvest index of a maize crop was 
dependent on the density at which the plants were established.  Plants seeded at the 
lower rate of 39500 plants ha-1  yielded 161.5 grams of grain per plant at a harvest 
index of 52.2%, plants seeded at 59300 plants ha-1  yielded 102.9 g/ plant at a harvest 
index of 48.2%, while plants seeded at 79000 plants ha-1  achieved a yield of 75.6 g/ 
plant and a harvest index of 43.6%.  They concluded that harvest index probably did not 
limit corn grain production, but changes in partitioning mechanisms may have 
contributed to increases in grain yield in crosses of other genetic populations.   
26 
 
 
Duvick (2004, 2005), in his studies evaluating the contributions and effects of 
breeding on yield gains, reported no significant change in HI over the last several 
decades unless the hybrids tested were grown at a density for which they were not 
adapted.  There were slight increases in harvest index of the time period covered by 
hybrids developed over a number of years.  This was accentuated by the ability of 
newer hybrids to tolerate increased density.  The slight increase was not because of an 
overall increase in HI of the newer hybrids but instead the tendency of older hybrids to 
have a decrease in HI at higher planting populations due to barrenness.  His conclusions 
were that many of the early farmer breeders did well in selecting for plants which 
effectively filled their associated sinks and drove HI to the levels that other crops 
reached post green revolution. The static HI that Duvick observed shared a 
corresponding increase in overall yield levels of 74 kg ha-1 yr-1 in one study and 77 kg 
ha-1 yr-1 in another study, both taking place in the United States.   According to Duvick, 
the proportion of grain that could be attained from a corn crop was asymptotically 
related to the plant tissues which provided the source assimilate (Duvick, 2004).  In his 
research it was difficult to ascertain if harvest index or plant population density were 
equally important to grain yield gains, or one more so than the other.  He surmised a 
high probability of an interaction between the two variables that have aided in 
improving grain yield.  Duvick clearly stated in his 2004 paper that one year of data on 
older hybrids limits the inference that can be applied to newer hybrids.  Similarly, Hay 
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(1994) stated that the maintenance of high harvest index has been an implicit breeding 
objective via the selection for tolerance under high density.   
Tollenaar (1991) found similar results from an ERA study conducted in Guelph, 
Ontario, Canada.  Hybrids spanning three decades each showed variation in their 
optimal planting densities.  The average harvest index for the hybrids across four 
densities ranged from 53.7% to 43.0%.  The range of yields across the 4 densities used 
in this study were 4.63Mg/Ha to 8.33 Mg/ha.  In two other papers Dr.Tollenaar found a 
high level of association between plant growth rate and dry matter accumulation 
during grain fill to harvest index (Tollenaar et al., 2006, Tollenaar et al., 2004).  
Specifically, the growth rate during the reproductive growth phase impacts kernel 
number dramatically.  This is the final number of kernels that were supported through 
physiological maturity.  This would be expected since maize partitions a high amount of 
assimilate to the grain during the reproductive cycle.  It also leads to the conclusion 
from the authors that plants can compensate for variables which influence resource 
capture, but cannot compensate for a reduction in variables, such as ear components, 
which affect resource deposition or utilization (Tollenaar, 2006). Similarly, Boomsma et 
al. (2009) discusses the plasticity of assimilate partitioning to reproductive structures 
and flexibility in this relationship as it relates to plant density.  Tollenaar and Dwyer 
(1999) summarized that harvest index has not changed from old to new hybrids; the 
ratio of kernel number to plant growth rate remained the same; and the kernel number 
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per plant that results in maximum yield per unit area must occur at a higher plant 
density. 
It is also important to characterize the timing of sampling when reporting 
harvest index.  It has been shown that there is a reduction in stover between 
physiological maturity and grain harvest.  That is to say that harvest index increases due 
to the loss of tassels or leaves during the senescence process.  In one study the harvest 
index across five locations ranged from 50% at Physiological maturity to 57% at harvest.    
Between locations the harvest index at physiological maturity ranged from 44% to 56%, 
but increased to range from 55% - 61% at grain harvest.  (Wilhelm et al., 2010).  
Similarly, Pordesimo et al. (2003) found that at grain harvest, when the grain moisture 
is between 18 – 31% on a weight basis, that a more conservative 0.8 : 1 stover to grain 
fresh weight ratio would be more realistic to what is found in the field.  The range of 
harvest index values in the literature when the plants are collected at the standard 
physiological maturity is large.  Most sources listed in the bibliography tend to show an 
asymptotic relationship with the mean value near 0.50.  That is to say that generally the 
grain mass is equal to the mass of the above ground non-grain biomass.  (Duvick, 2004, 
2005; Tollenaar, 2006, 2004; Crosbie & Mock, 1983; Lorenz et al., 2010)  At least one 
paper describes harvest indices that have reached greater than 0.55 in maize (Robles et 
al., 2012). 
In a literature survey on the topic of the possibility of corn stover utility, Lorenz 
et al., (2010) also reviewed pertinent literature which provided not only stover yields 
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but total biomass where a harvest index could be calculated.  In this way they could 
evaluate how to potentially increase stover yields while at the same time maintaining 
gains in grain yield.  The authors concluded, in a retrospective analysis of maize harvest 
index: “Harvest Index has not increased over time, and genetic gains in grain yield have 
been more closely aligned with increasing biomass yield, especially at higher plant 
densities.” They further predicted that stover yield will continue to increase as selection 
for higher grain yield continues.  Their review also cited the work of Duvick (2004) with 
respect to the interaction of plant density and harvest index.  They concluded that 
increases in grain yield have been concurrent with increases in stover yield per plant.  
However, this holds true only for the plant density that maximized grain yield.  
Therefore, newer hybrids, planted under higher plant densities probably resulted in 
smaller plants than would be observed under lower densities which maximized grain 
yields of hybrids from earlier eras (Lorenz et al., 2010).  With regard to plant type and 
harvest index potential Echarte and Andrade (2003) found in an era set of Argentinean 
hybrids that the stability of harvest index was associated with lower biomass thresholds 
for yield at a low shoot biomass per plant and with greater reproductive capability 
when the shoot biomass per plant is high.  The authors surmised that the tolerance to 
greater plant density was in part due to the lower thresholds of per plant biomass 
which maintained a static harvest index.  In essence a higher plant density imparted a 
greater level of plasticity to yield given changes in per plant biomass (Echarte and 
Andrade, 2003).   
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Harvest Index also serves as a gauge to the potential availability of corn stover 
in a given set of conditions or scenarios.  For example in different stover collection 
scenarios, by relating the amount of stover back to the grain, a researcher could 
estimate the amount of stover left in the field or collected. (Hoskinson et al., 2007)  An 
accurate assessment of harvest index is important in scenarios where residue is 
considered a co-product of the corn grain crop.  In many collection scenarios it is not 
feasible to have true measurements of stover dry matter.  Since the grain portion of the 
crop can be easily measured via yield monitor technology or grain mass and moisture 
data, the estimate of harvest index is an easy way to estimate available stover.  If the 
harvest index is higher than estimates, then a collection scenario would remove more 
stover than prescribed.  Likewise if the harvest index is lower than expected then 
inefficiencies in collection would be seen (Edgerton et al., 2010). 
From the review of literature it is important to recognize that there is a great 
demand for information about the quantity and properties of corn stover.  As the 
demand for energy increases crop residues will be increasingly evaluated as a potential 
feedstock for bio-energy production.  In order to fully assess the ramifications of corn 
stover collection a few points are important to note.  Corn stover is a heterogeneous 
material, varying in composition, moisture and mineral concentration, as well as 
differing botanical fractions.  These variations will impact the valuation of the stover 
materials.  There are many methodologies being developed for the collection of corn 
stover; however there are some limitations to these practices.  The estimation or 
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prediction of biomass, and the amount that must be kept to prevent erosion, is subject 
to interactions across hybrids, landscape, and environment.  In order to accurately 
estimate biomass one must take into account management variables such as plant 
population density, as well as any variation present in physical material density.  
Similarly, any variation in partitioning relationships which might be used as predictive 
variables will increase the error of the predictive model.  
In an effort to better characterize and potentially predict corn stover biomass, 
and its properties, two studies were conducted.  The first study took place in 2008 and 
2009 and the second study was conducted in 2011 and 2012.  The objective of the first 
study was to quantify the amount and distribution of dry matter, moisture, fiber and 
minerals in corn stover from a range of commercially available corn hybrids, grown at 
varying population densities.  The results from this study are presented in Chapter II.  
The objective of the second study was determine if stover biomass could be predicted 
from simple allometric relationships between the mass or size of various plant 
fractions.  The results of this study will be presented in Chapter III and IV. 
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CHAPTER II 
 VARIATION IN BIOMASS YIELD AND CHEMICAL COMPOSITION OF CORN STOVER 
 
ABSTRACT 
High consumption of imported energy in the U.S. and European nations 
increased interest in crop residues as an alternative and renewable fuel source.  
Because of the extensive area where the corn crop is grown, corn stover is considered 
an important renewable fuel source.  This study was conducted to quantify the amount 
and distribution of above ground dry matter, moisture, fiber and minerals in corn 
stover from a range of commercially available corn hybrids, grown at varying 
population densities.  In this two-year study of twenty-six maize hybrids we found that 
the moisture, composition, and nutrient concentration at the time of grain harvest 
were significantly affected by year, planting density, and hybrid.  The largest fraction of 
biomass was found in the grain.  Of the remaining plant material roughly 55% is found 
in the stalk and leaf material below the ear, 25% in the stalk and leaf material above 
the ear and the remaining 20% is found in the cob (12%) and husk (8%).  The lower stalk 
fraction is the highest in moisture at harvest, and across fractions sampled contains the 
highest proportions of cellulose, lignin and minerals.  The cob and the husk held the 
highest proportional hemicellulose concentrations as well as the lowest lignin, ash, and 
mineral concentration.  The composition of corn stover is highly variable across hybrids, 
and is impacted by management variables such as planting densities, as well as 
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environmental factors associated with the growing season.  Representative samples 
should be taken from individual field level treatments if the constituents are to be 
determined accurately. 
INTRODUCTION   
Corn (Zea Mays L.) has become the largest commercial grain crop, in terms of 
area and production, in the United States (USDA, 2012).  More recently ethanol 
produced from corn grain has become a source of renewable biofuel in the United 
States.  Energy consumption in developed nations, specifically the U.S. and European 
nations, has made way for the search of alternative renewable fuel sources which 
utilize cellulose and other, more recalcitrant, carbohydrate fractions. In a grain based 
cropping system this material is the stover, or remaining plant residue, that is 
deposited back on the field.  Given the area on which grain crops are grown, emphasis 
has been placed on crop residues, such as corn stover, as a potentially untapped source 
of renewable biological energy (Perlack et al., 2005; Perlack and Stokes, 2011).  In 2011, 
a report funded by the U.S. Department of Energy (DOE) showed maize residue had the 
largest potential of all crop residues for producing bioenergy with roughly 94 million 
dry tons available in the U.S.(Perlack and Stokes, 2011).   Corn stover could be a viable 
source of bioenergy in a number of collection or removal applications (Hoskinson et al., 
2007). 
Corn stover is an example of a lignocellulosic biomass and represents all of the 
above ground biomass from the corn crop except the grain.  Lignocellulosic materials, 
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in general, refer to the cell wall material of fibrous or woody plants.  This material is 
composed mostly of cellulose, hemicelluloses, lignin, and non-digestible ash (Van Soest, 
1994).  It has been shown that there is significant variation for compositional makeup in 
corn stover (Lewis et al., 2010). This biomass can be separated into botanical 
components which may provide differing end use suitability.  These botanical fractions 
include stalks, leaves, husk, and cob (Hoskinson, 2007).   
In addition to bio-renewable energy, there are a number of applications which 
also seem promising (Shinners et al., 2007). The three most likely options for usage 
appear to be:  a) bulk feed in ruminant animal rations, b) feedstock for cellulosic 
ethanol, c) simple combustion or pyrolysis in industrial furnaces for heat, fuel, and 
byproducts.  As pointed out by Wilhelm (2010) et al. there are several collection 
variables which might be better managed through a better understanding of stover.  
Whatever collection methodology is used it will be important to anticipate the amount 
of material available to collect.  Characterization of biomass distribution and an 
understanding of the compositional and nutrient characteristics of the fractioned 
botanical components would be useful as well.   
The objective of this study was to quantify the amount and distribution of dry 
matter, moisture, fiber and minerals in corn stover from a range of commercially 
available corn hybrids, grown at varying population densities which will provide a range 
of morphological characteristics from which to sample.  Further, the hybrid plants 
which were sampled were also fractioned and characterized in segments to provide 
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data on specific botanical fractions which may have differing utility in specific end use 
processes.  Information from this study will be useful in the development and 
implementation of a collection plan. 
MATERIALS AND METHODS 
Site Selection 
This study was conducted in 2008 and 2009 to evaluate the quantity of stover 
and the variation of stover composition in commercially available corn hybrids. Yield 
trials were grown in collaborating commercial fields across six states. In 2008 sampling 
was done Iowa near the towns of Ellsworth (42.31oN, 93.58oW), Spencer (43.11oN, 
93.14oW) and Parnell (41.58oN, 92.00oW) and in Illinois near Cherry (41.42oN, 89.21oW) 
and Flatville (40.23oN, 88.06oW).  Samples were also taken South Dakota near 
Harrisburg (43.07oN, 96.77oW) and Beresford (43.42oN, 96.70oW); in Nebraska near 
Plattsmouth (41.00oN, 95.90oW) and Arlington (41.44oN, 96.36oW); in Minnesota near 
Cannon Falls (44.50oN, 92.90oW) and in Michigan near Mendon (42.00oN, 85.45oW).  In 
2009 sampling was done near Cambridge (41.89oN, 93.53oW), Conroy (41.72oN, 
92.00oW), Grinnell (41.74oN, 92.72oW), Spencer (43.11oN, 93.14oW), and Webster City 
(42.46oN, 93.82oW) in Iowa; as well as near Shabbona (41.77oN, 88.88oW) and Roseville 
(40.73oN, 90.66oW) in Illinois.  A map of locations sampled is presented in Appendix A 
(Fig. 1.). 
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Plot Variables 
The experiment was a split-block design that consisted of five plant densities as 
main plots, and individual hybrids entries as subplots.  Each density main plot was 
independently randomized at each location and established using precision vacuum 
planting equipment.  In the experiment, approximate plant populations were Density 1-
56,833;  Density 2 - 69,188; Density 3 - 81,543; Density 4 - 93,898; and Density 5 - 
106,253 plants per hectare. Subplots were established in each main plot consisting of 
commercially available hybrids grown in four rows that were 7.67 meters in length and 
76 cm apart.  DeKalb hybrids (Monsanto Co., St. Louis) with a range of estimated 
relative maturity from 103 day to 111 day were selected to test the genetic variation on 
fractional stover biomass and moisture.  In 2008 the sampling protocol was finalized 
after plot establishment and rendered an unbalanced experimental design.  Sixteen 
hybrids were selected for sampling in the first year.  Four of those hybrids were 
designated as control hybrids were sampled at all five planting densities, while the 
twelve additional hybrids were sampled in planting density 2, 3, and 4.  Adding to the 
imbalance in the sampling not all hybrids were repeated at each location.  In 2009 ten 
hybrids were selected for biomass measurements. The four control hybrids designated 
in the first year were repeated in the second year along with an additional six hybrids.  
In 2009 all ten hybrids were sampled at all planting populations at all locations.  
Subsamples were collected from plots of the four hybrids which were repeated across 
years at the plant populations. Samples from density 2 and density 4 were submitted 
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for wet chemistry procedures to ascertain the variation in stover mineral and fiber 
composition.   
Data Collection   
Before sampling, counts were taken for agronomic data including stalk lodging, 
root lodging, brittlesnap, barrenness, as well as a rating for plot intactness. Brittlesnap, 
also called greensnap, occurs when a wind storm snaps plants off below the ear during 
rapid vegetative growth.  Barrenness was defined as plants which had no ear or an ear 
with very little grain set.  In both instances these types of plants would confound the 
data so a note was made if present.  Intactness is a rating on a 1-9 scale with 1 
representing plots with fully intact plants and a nine for plots where the majority of the 
plant material above the ear has broken away from the senesced plant.  This trait 
represents how the hybrids have weathered and reflects the proportion of plant 
material still attached to the plant. This rating was used as a covariate to account for 
biomass that had separated from the plant.  Sampling methods were adapted from 
those described by Pordesimo et al, (2004).  Ten whole plants were collected from one 
row of the four-row plots.  Plant spacing was measured to confirm population density.  
Ears, including secondary ears if present, with the husk and shank attached were placed 
in a harvest bag and the ear number collected, the plants selected in alternating 
fashion from interior plants were then cut at ground level with lopping shears.  The 10 
plants were then bundled with the string from the ear bag and hauled to the front of 
the field.  There the stalk portion, including leaves and tassel, were split into two stalk 
43 
 
 
portions, top (S1) and bottom (S2), at the primary ear node.  Each stalk fraction was 
immediately weighed then ground using an 18 hp DRtm chipper / shredder (DR Power 
Equipment, Vergennes, VT).  A subsample of each ground stalk portion, used to 
ascertain field harvest moisture and subsequent compositional information, was 
obtained from each plot sampled and each sub-sample was weighed fresh.  These sub-
sample bags were then dried on forced air driers at 40oC for 2-3 days to approximately 
10% moisture and then shipped to the Monsanto – Ankeny, IA laboratory for oven dry 
mass determination.  Immediately after sampling, the harvest bags with the ears were 
transported back to the research station where they were shelled using a bulk ear 
sheller commercially available from Almaco Company, Nevada, IA.  This allowed 
splitting the ear into three different fractions; cob (S4), grain (S5), and husk (S6) in 
addition to both a top and bottom stalk fraction yielding five separate fractions.  
Compositional Analysis 
Only the four check hybrids from both years and Density 1 and 2 were used for 
fiber and nutrient composition. Monsanto – Ankeny laboratory followed ANKOM 
protocols (Anonymous, 1995) (Vogel et al., 1999) to assay percent neutral detergent 
fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL).  For these tests, 
fiber is a nutritional term defined as the indigestible or slowly digesting components of 
feeds and seeds. These components are a mixture of cellulose, hemicelluloses, and 
some residual pectins, lignins, and cell wall proteins and minerals.  After ADF 
procedures, the remaining material is cellulose, lignin and insoluble ash the difference 
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comprising the hemicellulose concentration. The material is digested using an ADL 
assay.  The samples were digested at room temperature with 24N sulfuric acid for two 
hours. The sulfuric acid dissolves the cellulose which leaves only lignin and insoluble 
ash. All excess acid is removed and the residue is dried. The difference between the 
ADF and ADL fractions represents the cellulose fraction and ADL was corrected for 
insoluble ash. 
Macro-nutrient determination was done in two different processes.  Nitrogen 
determination was achieved by combustion in a Leco combustion analyzer (Leco Corp., 
St. Joseph, MI).  For the remaining minerals each sample was ashed at 600°C to remove 
volatile material.  The remaining residue is composed of mineral compounds 
containing, phosphorus, sodium, potassium, sulfur and other minerals. The 
concentrations of these minerals were determined by inductively coupled plasma 
atomic emission spectroscopy (ICP-OES) on a Perkin-Elmer 2100DV ICP-OES (Perkin-
Elmer, Waltham, MA) following a concentrated HNO3 acid digestion procedure using a 
Milestone Inc. Ethos EZ microwave digestion procedure (Sorisole, ITA) based on US-EPA 
3051 and US-EPA 3051a methods and manufacturer’s recommendations (U.S.EPA., 
2007). 
Statistical Analysis 
The primary purpose of the data was to understand the variation in the mass, 
moisture and constituents of the stover fractions.  Data from all year, site, planting 
45 
 
 
density, hybrid plot combinations was utilized to generate box plots to graphically 
depict the distribution of the fractional stover data (Table 2.1).   
In order to analyze the variance from a balanced set of hybrids across years, the 
four repeated control hybrids that were repeated both years were analyzed separately.  
Analysis of variance was conducted on the data collected for these four hybrids across 
treatment variables using a mixed linear model. In the analysis sites were considered a 
random blocking factor and were nested within year. In the model the main plot 
variable, plant population density, was a fixed factor while the sub-plot variable, hybrid, 
was considered random.  The visual intactness score was included as a covariate in the 
model.  The model and analysis of variance for the different stover variables is included 
in Appendix A.  Analysis was performed and tables generated using Analyze-it for 
Microsoft Excel software (Analyze-It for Microsoft Excel, 2009), and also utilizing SAS 
software (SAS Institute, 2008).   
RESULTS  
In this section, the data is reported for fractional biomass, moisture, fiber and 
finally mineral composition.  The results of the analysis of variance for each of these 
variables will be discussed but the data will not be presented. All samples are 
presented on a dry matter basis (DMB). Figures are provided which report the mean 
values from each of the measured variables and summary statistics of those data.  
Fractional biomass and moisture of the stover samples are summarized from all hybrids 
sampled in the study whether repeated across years or not.  Data presented for fiber 
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and mineral composition was only measured on the four hybrids which repeated across 
years at two of the plant population densities.   
Fractional Stover Biomass:   
When evaluating the means of the fractional masses by year for the hybrids and 
density treatments some trends are evident.  The most notable is that, on a per plant 
basis, the total fractional masses decline at a reasonably consistent rate, regardless of 
fraction, as plant density is increased.  However the plant mass per unit area increases 
steadily with increasing density until it plateaus around 93,898 p ha-1  in 2008 and up 
to 106,253 p ha-1  in 2009 (Appendix A, Table2). The proportion of each of the 
fractional masses, as a percentage of totals, remained relatively constant across the 
plant density treatments.  It should be noted that grain dry matter as a percent of total 
biomass (Harvest Index) has not been corrected in this data set for the intactness 
variables that were significant for the upper stalk fraction.  While somewhat inflated 
and thus not a reliable measure of harvest index given our sampling parameters, we did 
measure some samples which were fully intact and taken near physiological maturity 
that did attain an average harvest index of greater than fifty percent.  Planting density 
was highly significant (p<0.05) for all of the fractional masses on a per unit area basis.  
Hybrid affected the mass of fractions except for the upper portion of the plant.  Given 
the timing of the sampling late in the season when the grain was dry enough for 
machine harvest, the intactness of the plant was a significant covariate for the upper 
and lower stalk fractional masses.  Intactness was also a significant covariate for the 
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mass of grain, however this is attributed more to the fact that earlier maturity hybrids 
were less intact later in the season and had lower yield potential than their later 
maturing counterparts.   
Data is presented (Figure 2-1) for the dry matter mass by fraction from across all 
sampling locations and years.  The data, presented in box-and-whisker plots, describes 
the entirety of the data set.  This includes the four control hybrids as well as the other 
hybrids sampled in each season, but not repeated across years.  The graphic indicates 
that the grain yields present from the trial would be higher than the USDA average corn 
yield, but is still indicative and representative of well managed corn production 
observed across the U.S. Cornbelt.  Mean grain mass from the study was 11.3 tons ha-1 
with a standard deviation of 2.31 tons.  There was large variation in not only the grain 
mass across the study but also in the vegetative fractions of the plant samples.  The top 
plant fraction (S1), included stalk and leaf material still intact above the ear.  This 
fraction had an average mass of 2.23 tons ha-1 with a standard deviation of 0.064.  The 
bottom plant fraction (S2), which included the stalk and leaf material below the ear, 
averaged 4.11 tons ha-1 with a standard deviation of 1.01 tons.  The husk fraction (S6) 
was generally half the mass of the cob (S4) with the husk averaging 0.84 Tons ha-1 and 
the cob fraction averaging 1.52 tons ha-1 with standard deviations of 0.21 and 0.30 tons 
ha-1 respectively.    
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Moisture Content of Stover Fractions 
Moisture concentration varied among the different plant fractions sampled (Fig. 
2-2).  As noted earlier, these samples were collected just before grain harvest.   Both 
years represented what would be considered wetter years where the grain did not dry 
to a great extent in the field.  Due to a range of maturities (103 – 111 estimated relative 
maturity) the grain moisture still averaged 25% across all hybrids, locations, and years.  
Grain was the driest plant fraction at the time of sampling, followed by the husk/shank 
fraction at 34% moisture.  The top fraction (S1) and cob fraction (S4) were very similar 
in moisture at 42% and 44% respectively. The lower stalk fraction was the wettest plant 
fraction with an average of 63% moisture. The stalk fractions had the highest variation 
in moisture concentration observed with standard deviations of 17% for the top 
fraction and 15% for the bottom.  The year did not affect moistures in the plant 
fractions (data not presented).  The hybrid and plant density analysis appears to 
attribute the differences in moisture to the large variation in relative maturities of the 
hybrids with much of the difference in the larger wetter stalks sampled from the lower 
plant densities (Appendix A, Table 8 & 9).  There was a large and significant year effect 
on grain moisture in this study (data not shown).  In 2008, maturation of the plants was 
slightly slower than average, while in 2009, a year of very good grain yields, very cool 
cloudy days across the Cornbelt resulted in a very slow maturing crop and a very late 
harvest of high moisture grain.  This would suggest that although the plant on whole is 
senescing, that grain moisture and stover moisture can be independent variables. 
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Fiber Composition of Stover Fractions 
Cellulose, hemicellulose, lignin, and ash also varied among the stover fractions.  
The distribution for the data is presented in Figure 2-3.  This figure also shows each 
plant fraction collected differed in its relative composition of the fibers tested.  These 
data also allows each of these component fractions, based on the different fiber 
properties, to be evaluated for how the fractions would efficiently be utilized as a 
feedstock in various situations.  The bottom stalk fraction (S2) was the highest in 
cellulose and lignin but also had the lowest amount of hemicellulose.  The top and 
bottom stalk fractions (S1 & S2) also had high ash concentration.  This would make the 
lower stalk the most recalcitrant to hydrolysis, or biological degradation, of the 
fractions collected.  The cob and husk fractions had a much higher proportion of 
hemicellulose to cellulose or lignin versus the stalk fractions, thus making them more 
desirable as a digestion or fermentation feedstock (U.S. DOE. 2006).  Within fractions, 
but across all of the samples taken, there seems to be the most variation in cellulose 
concentration.  The hemicellulose concentration is slightly more stable across all 
fractions.  The lignin concentration is higher and more variable in the stalk fractions.  
Ash concentration was highest in the stalk fractions and the largest amount of variation 
in ash concentration occurred in these fractions.    
Evaluating the nutrient, carbohydrate, and insoluble solid compositional data 
for the four hybrids repeated across years at the densities of 69,188 p ha-1, and 93,898 
p ha-1 show that year and planting density were as much or more significant than the 
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hybrid for the variation found in the compositional components.   Year was also a 
significant variable affecting the quantity of nitrogen and potassium in stover fractions, 
particularly in the upper and lower stalk portions (Appendix A, Table 8-11).   
Fractional Stover Mineral Composition 
  In this section all concentrations are reported on a dry matter basis.  Elemental 
nutrient concentration varied considerably for the stover samples collected in this 
study (Fig. 2-4).  For the three macro nutrients (N, P, and K) the N and K concentrations 
were higher than the phosphorus concentration.  The P concentration was 
approximately 0.5 g kg-1 in all fractions of the stover samples collected.  The nitrogen 
concentration was highest in the stalk samples and specifically in the upper stalk 9.0 g 
kg-1 N when compared to the stalk fraction below the ear 7.4 g kg-1 N.  The cob fraction, 
6.9 g kg-1 N was slightly below the stalk in nitrogen concentration followed by the husk 
fraction 5.3 g kg-1 N.   
The potassium concentration of the stover was variable across and within 
fractions.  The lower stalk fraction had the highest average K concentration at 11.4 g kg-
1 K.  This fraction also showed the highest amount of variation within the fraction for 
potassium.  The potassium concentration in the upper stalk fraction was 8.9 g kg-1 K, 
which was less than the lower stalk and was also less variable.  The cob and husk 
fractions had less potassium than the stalks; 7.4 and 6.7 g kg-1 K respectively and there 
was also less variation in the potassium concentration of these fractions.  The 
concentrations and variation of macro nutrients is important for several reasons.  First, 
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it would be expected that the replacement costs of these nutrients would have to be 
included in the removal costs of the stover.  These nutrients, as part of the ash fraction, 
could also impact the quality of the end use of the stover.  Ash, nutrients, and other 
recalcitrant material must be disposed of directly at a cost of the end user.  It may also 
impact internal processes of the conversion of the material whether that is 
fermentation of the sugar or scrubbing the air from combustion.   
DISCUSSION 
 The experiment sampled a large number of hybrids across five planting densities 
in twenty-six site years across the U.S. Corn Belt.  The variables of hybrid, planting 
density, and year were highly significant.  To someone who is either a provider or user 
of commercial corn stover this is potentially discouraging.  Since these three factors are 
inherently variable across potential production areas one must assume that the 
estimation of productivity in that same area to be equally variable.  Additionally, the 
nutrient and compositional data appears to also show that the material which could 
potentially be collected is also highly variable in its composition, fiber concentration 
and subsequent material properties.  Probably the most significant finding from this 
research is the large amount of variation present across differing fields and 
management practices.  Purchasers or end users of stover as well as those who will 
provide the stover from their fields should take particular note of this data.  One very 
tangible cost of removing the stover is the cost of the nutrients contained within the 
stover materials.  With such variation across fields and stover fractions, especially in the 
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potassium component, a robust and highly replicated sampling methodology will be 
required to fully ascertain the true nutrient removal from stover collection fields.  
Similarly, the moisture concentration of the stover is highly variable across grower 
management variables for the hybrids selected and the planting density of those 
hybrids.  The amount of moisture present across all fractions is also highly variable and 
in many collection scenarios would be present in some heterogeneous unit such as a 
bale or bunker.  Since most commodity prices reflect a moisture component, the true 
moisture concentration in a heterogeneous material will be difficult to ascertain 
without numerous and repeated sampling.   As the data is partitioned so as to evaluate 
corn stover by its botanical fractions, useful information for a potential stover producer 
or user becomes more apparent.  The data show that proportionally the botanical 
fractions are relatively consistent with respect to each other across hybrid and 
treatment variables.  Thus, the characteristics, such as moisture or quantity, of one 
stover fraction are proportionally related to the others. This means that a targeted 
harvest of specific fractions would yield a relatively stable quantity of the stover.  The 
data from this study can be used to help target the botanical fractions that would best 
suit the characteristics required by a specific end user.  As an example, if the stover is to 
be utilized in a process which requires dry material with low lignin and ash the collector 
should try to remove only the cobs, husk and top fractions of the stalk while leaving the 
lower stalk fractions.  Regarding the proportional relationships of the stover botanical 
fractions, this could be of particular value if certain fractions were more favorable for a 
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specific end use.  Since the botanical proportions seem to be relatively constant, this 
relationship could also be researched and leveraged further.  Hypothetically if one 
fraction can be accurately measured, the proportional relationship to other fractions 
which are less straightforward to measure might be possible.   
CONCLUSIONS 
From a stover collection perspective, there is a considerable amount of variation in not 
only the quantity of stover material present across hybrid and plant density, but also in 
the composition of the material.  Yearly fluctuations due to weather, variation in 
intactness, drying conditions, weathering of the stover material, and individual field 
variables such as nutrient availability all interact dynamically to influence the final 
stover product collected from the field.  For most feedstock applications the lower stalk 
portion will be the least desirable due to that fraction’s higher lignin and nutrient 
concentration (Edgerton, 2010).  The lower stalk portion is also the wettest fraction 
which means increased costs for shipping and handling a larger amount of water.   
The variation in the data would support the conclusion that any corn residue feedstock 
collector or supplier would want to adequately characterize each field level variable to 
attain an accurate description of the feedstock being removed.  We would also urge 
consideration of the landscape, and other conservation variables, as the residue also 
plays an important role in the erosion and organic matter management of the source 
fields and soils (Wilhelm et al., 2010) (Johnson et al., 2010). 
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Table 2-1.  Descriptive table of entries sampled by year and the subsequent data 
analysis. 
 
 
 
        
Density Entry # Sampled Wet Chemistry Analysis 
  
2008 2009 2008 2009 ANOVA Boxplots 
1 1-4 x x 
  
x x 
 
5-16 x 
    
x 
 
17-24 
 
x 
   
x 
2 1-4 x x x x x x 
 
5-16 x 
    
x 
 
17-24 
 
x 
   
x 
3 1-4 x x 
  
x x 
 
5-16 x 
    
x 
 
17-24 
 
x 
   
x 
4 1-4 x x x x x x 
 
5-16 x 
    
x 
 
17-24 
 
x 
   
x 
5 1-4 x x 
  
x x 
 
5-16 x 
    
x 
 
17-24 
 
x 
   
x 
 
 
 
 
 
58 
 
 
Table 2-2. Summary statistics of mean dry biomass and mean concentration values 
for moisture, composition, and nutrients of corn stover collected just before grain 
harvest from all locations sampled in 2008 and 2009.  
 
Description Top Bottom Cob  Husk Grain 
Fractional Dry Matter Ton (m) ha-1  
     n 1618 1656 1632 1621 1633 
Mean 2.23 4.11 1.52 0.84 11.33 
SE 0.02 0.02 0.01 0.01 0.06 
SD 0.64 1.01 0.3 0.21 2.31 
Fractional moisture conc. (%) 
     n 1613 1658 1632 1622 1634 
Mean 42% 63% 44% 34% 25% 
SE 0.0043 0.0037 0.0029 0.0034 0.0016 
SD 0.1712 0.1491 0.1157 0.1382 0.0631 
Cellulose dry matter conc. (%) 
     n 444 442 439 440 
 Mean 37.17 43.69 36.44 39.65 
 SE 0.13 0.13 0.16 0.11 
 SD 2.77 2.66 3.27 2.33 
 Hemicellulose dry matter conc. (%) 
     n 444 442 439 440 
 Mean 27.2 23.25 37.8 39.77 
 SE 0.11 0.11 0.1 0.11 
 SD 2.29 2.33 2.17 2.21 
 Lignin dry matter conc. (%) 
     n 444 442 439 440 
 Mean 7.53 8.88 5.19 3.49 
 SE 0.06 0.06 0.05 0.04 
 SD 1.18 1.23 1.12 0.78 
 Ash dry matter conc. (%) 
     n 444 442 438 440 
 Mean 7.8 6.38 2.34 3.14 
 SE 0.07 0.07 0.03 0.02 
 SD 1.43 1.5 0.7 0.51 
 N conc. (g kg-1)  
     n 197 198 194 193 
 Mean 9.06 7.65 7.11 5.62 
 SE 0.18 0.2 0.18 0.14 
 SD 2.46 2.86 2.52 1.94 
 P conc. (g kg-1)  
     n 189 191 179 185 
 Mean 0.74 0.56 0.58 0.38 
 SE 0.7 0.52 0.54 0.36 
 SD 0.29 0.24 0.28 0.14 
 K conc. (g kg-1)  
     n 198 198 193 193 
 Mean 9.38 12.02 7.77 7.05 
 SE 0.21 0.41 0.15 0.11 
 SD 3 5.7 2.05 1.53 
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Figure 2-1.  Fractional masses of all stover samples collected across all locations just 
before grain harvest in 2008 and 2009. 
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Figure 2-2. Moisture of plant fractions across all locations and hybrids bust before grain 
harvest.  
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Figure 2-3. Fiber and Ash composition distribution of plant fractions before grain 
harvest. 
 
 
 
62 
 
 
Figure 2-4. Elemental macro-nutrient concentration of stover fractions. Dry Matter 
Basis. 
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CHAPTER III 
UTILITY OF HARVEST INDEX TO PREDICT STOVER BIOMASS IN CORN HYBRIDS 
 
ABSTRACT 
 Harvest index (HI) is the proportion of above ground dry matter that is 
partitioned into the grain.  This ratio is highly interactive with genotype, environment, 
and management variables; specifically plant population density.  Even with these 
contextual variables, the HI ratio provides a comparative parameter for the production 
of vegetative and grain biomass.  Particularly interesting is the efficiency or overall HI 
value and the stability of that value across treatment variables. This stability is 
important given the range of conditions in which commercial hybrids can be produced.  
As management variables such as planting density increase the maintenance of a high 
partitioning ratio is imperative in order to realize gains in grain yield.  This study 
measured HI values for ten hybrids in two environmentally diverse years.  The data 
show that commercially available hybrids average 0.55 kg kg-1 and can achieve HI levels 
of 0.60 kg kg-1 in highly productive environments.  However, in stressful environments 
the average drops to 0.50 kg kg-1 or below.  Plant density is a critical variable to the 
harvest index in stressful environments.  The highest grain yield levels in this study 
were attained with optimum growing conditions and with a corn hybrid planted at high 
plant densities that maintain a stable and high HI level.  The variation in HI levels 
observed in this study caused a significant amount of error in stover biomass 
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estimation when using a static HI value to estimate stover biomass from known grain 
yield levels. 
INTRODUCTION 
Harvest Index (HI) is defined as the proportion of above ground dry matter that is 
partitioned into the grain (Donald and Hamblin, 1976).  This ratio can be used to define 
the relationship between the amount of vegetative and reproductive or grain biomass 
produced.  The concept however is complicated to apply across time periods. It is 
difficult to compare more elite maize hybrids to their predecessors as there are often 
two and three way interactions with genotype, plant population density, and 
environment which complicate experimental design and analysis (Tollenaar et al., 
1994).  However, in context, harvest index allows researchers to compare partitioning 
relationships between vegetative and reproductive growth.  
Another evaluation which can be made is the stability of the HI ratio. The 
partitioning of assimilates to different biomass fractions is time and resource 
dependent. The resources available to individual plants can be manipulated by 
augmenting plant population densities.  With this manipulation HI can be evaluated for 
stability across densities to determine the optimal planting density for grain 
production.  Literature indicates plant population density is very important in 
determining the attainable grain yield level and HI ratio in a given corn field.  In a study 
conducted in Guelph, Ontario, Canada; hybrids spanning three decades showed 
variation in their optimal planting densities.  The average HI for the hybrids across four 
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densities ranged from 0.54 kg kg-1 to 0.43 kg kg-1.  The range of yields across the four 
densities used in that study were 4.63 MG ha-1 to 8.33 MG ha-1 (Tollenaar, 1991; 
Tollenaar, 1989).  In two other papers, a high level of association was found between 
plant growth rate and dry matter accumulation during grain fill to HI  (Tollenaar et al., 
2004; Tollenaar et al., 2006).  Additionally, for a given hybrid, variation exists for the 
amount of flexibility in ear partitioning.  As an example hybrids displaying ear plasticity 
which affect grain yield by increasing kernel number in extremely low density, or sink-
limited conditions (Boomsma et al., 2009).  Specifically, the growth rate during the 
reproductive growth phase impacts the final number of kernels that were supported 
through physiological maturity.  This would be expected since maize partitions a high 
amount of assimilate to the grain during the reproductive cycle.  It also leads to the 
conclusion that plants can compensate for variables which influence resource capture, 
but cannot compensate for a reduction in variables, such as ear or sink components, 
which affect resource deposition or utilization (Tollenaar, 2006).  The goal in production 
for grain yield is to optimize plant population, and thus plant size, so that the plant 
community can most effectively and efficiently partition resources to the ear. This is 
important because planting density dictates the final plant and ear size.  The allometric 
result, in the case of maize, has been that partitioning to reproductive structures is 
stable for normal sized plants given the environment; however, HI decreased for small 
or extremely large plants (Vega et al., 2000).   
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Duvick (2005) reported that corn breeders have selected for stability of 
reproductive growth under increasing plant densities. Some researchers have 
approached the evaluation of resource or assimilate partitioning to grain from a 
breeding standpoint (Crosbie and Mock, 1981, Duvick, 2004).  One such study was 
conducted to evaluate how changes in physiological traits were associated with grain 
yield improvements in three maize breeding programs.  The data showed that the HI of 
a maize crop was dependent on the density at which the plants were established.  
Plants seeded at the lower rate of 39,500 lants per hectare  yielded 161.5 grams of 
grain per plant at a HI of 0.52 kg kg-1, plants seeded at 59,300 plants per hectare  
yielded 102.9 g / plant at a HI of 0.48 kg kg-1, while plants seeded at 79000 plants per 
hectare  achieved a yield of 75.6 g / plant and a HI of0 .44 kg kg-1.  The authors 
concluded that HI probably did not limit corn grain production (Crosby and Mock, 
1981).  Duvick (2004, 2005) in his studies evaluating the contributions and effects of 
breeding on yield gains, reported no significant change in HI over the last several 
decades unless the hybrids tested were grown at a density for which they were not 
adapted.  There were slight increases in HI of the time period covered by the hybrids 
spanning several decades.  This was accentuated by the ability of newer hybrids to 
tolerate increased density.  The yield increases observed in the United States over the 
past several decades have occurred with ever increasing plant population densities 
(USDA – NASS, 2012).  The slight increase in newer hybrids was not because of an 
overall increase in HI, but instead the tendency of older hybrids to have a decrease in 
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HI at higher planting populations due to barrenness.  His conclusions were that many of 
the early farmer breeders did well in selecting for plants which effectively filled their 
associated sinks and drove HI to the levels that other crops reached post green 
revolution.  It was the work of these farmer breeders that is carried out by today’s corn 
breeders via their selection for increasing, yet stable, corn yields. (Duvick, 2005)  
Similarly, Hay (1995) stated that the maintenance of high HI has been an implicit 
breeding objective via the selection for tolerance under high density.   
Data regarding HI levels in corn hybrids is varied, but some research indicates that 
the level may be increasing from earlier work showing an asymptotic relationship to 
vegetative biomass.  Tollenaar  et al., (1994, pg. 196) state that “harvest index has not 
changed from old to new hybrids and hence, the ratio of kernel number to plant 
growth rate remained the same, the kernel number per plant that results in maximum 
yield per unit area must occur at a higher plant density.”  In a retrospective analysis of 
Maize Harvest Index Lorenz et al., (2010 pg. 10) stated: “Harvest Index has not 
increased over time, and genetic gains in grain yield have been more closely aligned 
with increasing biomass yield, especially at higher plant densities”.  The authors further 
predicted that stover yield will continue to increase as selection for higher grain yield 
continues.  They concluded that increases in grain yield have been in conjunction with 
increases in stover yield per plant.  Therefore, newer hybrids, planted under higher 
plant densities probably resulted in smaller plants than would be observed under lower 
densities which maximized grain yields of hybrids from earlier eras (Lorenz et al., 2010).  
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Duvick also observed a static HI even with increasing yield levels.   According to Duvick, 
the proportion of grain that could be attained from a corn crop was asymptotically 
related to the plant tissues which provided the source assimilate (Duvick, 2004).  In his 
research it was difficult to ascertain if HI or plant population density were equally 
important to grain yield gains, or one more so than the other.  He surmised a high 
probability of an interaction between the two variables that have aided in improving 
grain yield (Duvick, 2005).   
Some research indicates a static HI must be achieved but be stable across plant 
density and size.  With regard to plant type and HI potential Echarte and Andrade 
(2003), found in a set of Argentinean hybrids, with a wide range in release date, that 
the stability of HI was associated with lower biomass thresholds for yield at a low shoot 
biomass per plant and with greater reproductive capability when the shoot biomass per 
plant was high.  The authors surmised that the tolerance to greater plant density was in 
part due to the lower thresholds of per plant biomass which maintained a static HI 
(Echarte and Andrade, 2003).  In essence a higher plant density imparted a greater level 
of plasticity to yield given changes in per plant biomass.  
Although the literature points to HI as a static ratio in maize, it has been 
suggested as one potential area of improvement for grain production (Donald & 
Hamblin, 1976; Sinclair, 1994).  Some research is now showing that perhaps HI levels 
are increasing above what previous research indicated.  One such study evaluating HI, 
plant density, and nitrogen fertility reported hybrids which achieved HI levels above 
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0.55 kg kg-1 (Boomsma, 2009).  Another study evaluating row spacing and plant density 
also found HI values higher than typically reported in the literature (Robles, 2012). 
Donald and Hamblin, (1976) provide an excellent description of HI in cereals.  
Their paper described different methods to evaluate HI and then discussed the effect of 
dwarfing on cereal grains post green revolution.  The paper suggests an interesting 
point:  “the selection of parents in breeding programs should be extended to include 
material of high HI, even involving genotypes of lower biological yield and grain yield.” 
(Donald and Hamblin, 1976, pg. 393)  They postulated the resulting ideotype, although 
small and low yielding individually, would perform better within a community of plants 
as is found in the monoculture production environments that provide most of the 
developed world’s food resources.  They explained, within each of the cereals there 
may be unexplored sources of “high efficiency of grain production” overlooked because 
individual plant production is low.  When describing selections of lines or cultivars they 
state “like all measurements HI may be a tool which allows us to discover the 
mechanisms which contribute to its value” (Donald & Hamblin, 1976).   
 Previous studies have shown grain yield and HI levels are highly interactive with 
the plant population and environment from which they are determined. The level of HI 
attained is generally described as asymptotic and generally proportional to the amount 
of vegetative growth in the crop. Research has shown that as plant density and plant 
biomass increases, the individual plants comprising the crop community become 
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smaller adding yet another dynamic to the interaction (Barten, 2013).  This means that 
the partitioning ratio must be stable across differing morphological characteristics. 
In their research, Edgerton et al. (2010), used a regressed harvest index value 
based on yield level in conjunction with the soil conditioning index in the Revised 
Universal Soil Loss Equation version 2 (RUSLE2)(NRCS, 2003) as a means to predict the 
amount of stover available to be removed from a field given field specific management 
parameters.  However, given the levels of interaction and variation presented in the 
literature of HI levels, the question can be asked if HI is an appropriate predictor of corn 
stover.  If HI is indeed asymptotically limited to a 50 : 50 ratio split between vegetative 
and grain biomass in corn then an estimation of stover biomass could be done simply 
by measuring grain yield. 
 The goal of this study was to measure the harvest index levels that can be 
attained in currently available commercial corn hybrids.  Additionally, the stability of 
this partitioning relationship will be evaluated across a range of plant population 
densities.  The result of the study will be an assessment of the harvest indices of 
current commercial hybrids and the stability of this ratio with regard to plant density.  
Secondly, HI will be evaluated as a prediction variable for the estimation of corn stover.  
If the estimation is reasonable, data from this study can be utilized to broadly to 
develop a model using HI as a stover biomass prediction tool. 
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MATERIALS AND METHODs 
Data and samples were collected in 2011 and 2012 from four density trial 
locations in Northern Iowa.  The sites were located in Iowa, near the towns of Rudd 
(43.12oN, 92.90oW), Shell Rock (42.70oN, 92.58oW), Waverly (42.71oN, 92.47oW) and 
either Humboldt (42.72oN, 94.21oW) in 2011 or Greenville (43.01oN, 95.15oW)  in 2012.  
At each of these sites completely randomized trails of hybrid by plant density were 
established.  From these trials a subset of hybrids were selected each year.  The hybrids 
were commercially available DeKalb hybrids (Monsanto Company) in the 98 – 107 day 
relative maturity range.  In 2011, six hybrids were sampled and in 2012, four different 
hybrids were sampled from the four planting densities.  The established densities in 
both years were 7.4; 8.8; 10.4; and 11.9 plants per square meter.  In 2011, an additional 
density of 5.9 plants per square meter was sampled.  Plots consisted of 6 – 50 cm rows 
7.6 m long.  Sampling was done in the interior of the plot to eliminate border effects.  
In 2012, sampling was done from plots which were established in 4 – 76 cm rows 7.6m 
long.   Data and samples were taken in row one or four of these plots. 
The plots were established using precision vacuum research planters and were 
managed for high yields.  In both years samples were collected at physiological 
maturity.  Before sampling, counts were taken for agronomic data including brittlesnap 
and barrenness. Sampling methods were adapted from those described by Lorenz 
(2010).  Plant spacing for twenty contiguous plants was measured to confirm plant 
population density.  The ten plants which comprised the biomass sample were 
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alternating plants from the interior of the plot and were then cut at ground level with 
lopping shears.   In some instances at the lowest plant density brace roots interfered so 
that a small portion of roots and stalk remained.  Ears, including secondary ears if 
present, with the husk and shank attached were placed in a harvest bag and the ear 
number collected.  The ten plant stalk fractions with leaf material still attached were 
bundled and tied, then hauled to the front of the field.  There the stalk portion, with 
leaves and tassels still attached, were split into two stalk portions, top and bottom, at 
the primary ear node.  Each fraction was placed in a permeable mesh bag and placed 
on a forced air drier at approximately 40oC for 3-5 days to achieve stable moisture of 
approximately 0.10 g g-1.  Each of the fractioned samples was then weighed and 
chipped to provide a subsample for oven dry moisture determination.    The ears were 
transported back to the research station where they were shelled using a bulk ear 
sheller (commercially available from Almaco Company, Nevada, IA).  This allowed the 
ear to be split into three different fractions; cob, grain, and husk in addition to both a 
top and bottom stalk fraction yielding five separate fractions.  Samples were then taken 
to the Monsanto Crop Analytics laboratory in Ankeny, Iowa.  There they were oven-
dried in order to measure dry matter of the samples.  These values were then applied 
to whole field calculations.   
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RESULTS & DISCUSSION  
Harvest Index Levels 
The results of this study provide insight into the partitioning relationship 
between grain and vegetative biomass in commercially available corn hybrids given 
changes in plant population across two very different years.  There was a very 
significant year effect as HI was not consistent across years (Fig. 3-1).  The first year of 
this study, 2011, could be characterized as a highly productive year across most of 
Iowa; yield levels were good and in the case of our test locations, adequate water and 
fertility allowed for very good grain production.  This is shown as well by the mean HI 
value for 2011 being near 0.55 kg kg-1across all sites, hybrids, and locations (Fig. 3-2).  
Individual values ranged from 0.50 kg kg-1 to 0.60 kg kg-1with a very tight distribution 
between these levels.  This indicates that the HI of corn, in good productive 
environments, can achieve levels of near 60% and has a mean near 55% of the total 
above ground biomass being present in the grain.   
In 2012, however, there was a much larger range of HI values.  The year 2012 
could be characterized as drought stressed across much of the state of Iowa and 
certainly within the fields we sampled.  While there was adequate moisture to provide 
grain, and in many instances better than state average yields (USDA – NASS, 2013), the 
abiotic stress from the higher density treatments was evident in 2012 (Fig. 3-3).  The 
2012 HI data shows that at the lowest plant population densities that harvest indices 
were maintained at a level greater than 0.50 kg kg-1, albeit with different hybrids than 
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those tested in 2011.  However, as the plant populations increased the amount of 
variation in the HI also increased.  At the highest plant densities a range in HI from 0.29 
kg kg-1 to 0.55 kg kg-1 was observed.  This data speaks to the impact that an abiotic 
stress such as drought can impart on late season dry matter accumulation.  
When the HI data is split by the targeted plant population density and then 
plotted against the calculated yield from the plot (Fig. 3-2 & 3-3), it shows a significant 
impact from both plant density and year.  In 2011, harvest indices for each plant 
density showed no significant trend when plotted across yield levels.  Each plant 
density level attained and maintained high HI values across a range of yield levels.  It is 
interesting to note that the highest yield levels were generally attained with the highest 
plant density.  The lowest plant densities, even with very high harvest indices, were 
unable to attain the yield levels measured at the highest plant populations.  This 
suggests a limitation to the amount of plasticity in an ear at low plant density with 
regard to its ability to utilize resources from the environment as efficiently as a plant 
community comprised of more individual plants.  This relationship is reliant that the 
hybrids have adaptability to high plant populations.  These limitations were also 
observed in previous research (Boomsma, 2009). 
HI remained relatively constant across all yield levels in 2011.  That is to say that 
the plots which yielded the most were able to maintain partitioning rates to the grain 
which were consistent with the non-stress year in 2011.  The hybrids were able to 
maintain this high partitioning rate across a wide range of densities which would cause 
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individual plant vegetative masses to vary greatly.  In 2012, HI was affected differently 
by population given the abiotic drought stress which was experienced in that year (Fig. 
3-3).  The data have a much steeper slope that is correlated to yield level compared to 
the 2011 graphic (Fig.3-2).  The hybrids and density combinations that were able to 
attain high grain yield values also had the highest harvest indices.  The most dramatic 
difference is the very clear trend that the yield losses were not from a loss in vegetative 
production.  If we recall that the HI is the grain mass divided by the total above ground 
biomass, even when observing the data at the 0.45 kg kg-1HI level the grain mass is still 
quite substantial.  We can glean from this data that vegetative growth and 
development was probably not hampered by the drought, but partitioning to the grain 
was very dependent on the specific environment in which the hybrid was subjected to 
during reproductive growth.  In this drought year the highest yield levels are still 
attained with the highest plant population density.  What is different from the previous 
year is that the lowest yield levels are also attained from the highest plant population 
density.  Figure 3 clearly shows the risk involved when hybrids are pushed, in terms of 
plant population, beyond the level that the environment can support.  In a stressful 
year there is a much higher probability of successful grain production at lower plant 
densities.  However, the highest yield levels attained in each year were achieved with 
the highest plant population densities with hybrids that could maintain a high 
partitioning ratio.   
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Harvest Index as a predictor of stover biomass 
The average harvest index observed across all hybrids, plant densities, and years 
was 0.52 kg kg-1 (Table 4 & 5).  However, the range of values observed was large given 
the range of plant population densities and the different levels of abiotic stress 
observed in 2011 and 2012.  The data would lead us to believe that harvest index is a 
function of the potential productivity of the macro environment, and the yield potential 
provided by hybrid and canopy characteristics which interact with the environment.  
This high degree of variation would increase the error in a model which incorporates a 
static HI value as a predictive measure for stover biomass. 
Corn also has differences in developmental timing between the production of 
vegetative and grain fractions.  Since the vegetative tissue growth occurs first in the 
developmental cycle, late season stress is less likely to impact its growth and 
development.  Therefore we would expect to see a large amount of variation and the 
under prediction of the stover or vegetative fraction in a year where the grain 
production is reduced by stress.   
 When the average HI value from the two years of 0.52 kg kg-1is used to predict 
stover biomass from grain yield we see that there is indeed a large amount of variation 
in the prediction.  When the prediction is broken out by year the expected differences 
are observed (Fig. 3-4).  Because the 2012 values brought down the average HI used in 
the prediction, the 2011 stover biomass was over estimated.  The 2012 stover biomass 
estimates were generally under estimated because the yield levels were reduced from 
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the stressed during grain fill incurred that year.  The stress caused a significant amount 
of variation in the grain yields which is also reflected in the prediction of the stover 
biomass.  In order to more accurately predict stover biomass, the HI value would need 
to be weighted between the productivity level of the field, the plant population density, 
and the yield level attained.  Even with a more complex model, the productivity and 
management variable interactions across genotypes will be a continued source of 
variation in the estimate. 
 
CONCLUSIONS 
The study represents data from a large number of hybrids grown at several 
plant densities in highly productive yield trials.  In terms of partitioning, harvest index 
values can reveal how a plant community adapts, reacts and interacts with variables in 
its micro and macro environment. HI is not a static trait unto itself for a given crop 
species; it is a measurement of partitioning given the relationship of genetic and 
environmental interaction.  As it pertains to corn, when the environment provides 
adequate moisture, fertility, light energy, etc., the plant community can be very 
efficient and effective in stable partitioning of those resources into the grain.  The 
highest grain yield levels were attained with optimum growing conditions and with a 
corn hybrid planted at high plant densities which were able to maintain a stable and 
high HI level.  This study confirms the trends that increasing plant populations lead to 
increased yields as long as a stable HI can be maintained.  It also demonstrates that 
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current hybrids have the ability to maintain high HI under good growing conditions, but 
there is also more inherent risk or grain yield loss at high plant populations if conditions 
are unfavorable.     
As plant population density increases, the individual size of the plants becomes 
proportionally smaller (Barten, 2013).  Given the range of plant densities sampled in 
this experiment, the data show a relatively stable partitioning ratio in good growing 
conditions. This is true even at high density as the individual plant size is decreasing due 
to interplant competition for resources. However, when the significant strain of an 
abiotic stress is coupled with the chronic stress-like symptoms of high plant population 
density, levels of stress may occur which can significantly reduce the efficiency of grain 
production thus impacting HI.  These data indicate that very productive growing 
environments, coupled with high plant populations and the ability to maintain a high HI 
provides the highest yield levels sampled in this study.  As has been reported in many 
papers, it is this relationship which corn breeders and corn producers have been 
leveraging for decades.  The two simultaneous occurrences: selection by the breeder 
for stability and ever increasing yield levels, coupled with the drive by the producer to 
test the limits of the hybrids via ever increasing plant populations, have allowed for the 
realization of gain in genetic potential.  This also explains why the trends for average 
national yield and national plant population density mirror each other over the last 40 
years (USDA, 2013).  It appears the HI of highly productive corn hybrids is not 
asymptotically limited at the 0.50 kg kg-1 level which has been suggested in some 
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literature.  The levels in this study averaged 0.55 kg kg-1 with some hybrids attaining 
levels of 0.60 kg kg-1 in high productivity locations with little plant stress.   The ability to 
attain a harvest index level of 0.60 kg kg-1 in some plots demonstrates the crops 
efficient ability to partition biomass to the grain.   
Since HI values can vary dramatically due to interactions between 
environmental stress and other management variables, modeling or estimating either 
vegetative or grain mass as a constant ratio from the other may potentially lead to 
erroneous results.  The harvest indices demonstrated in these plots indicate that the 
amount of biomass partitioned to the ear can be somewhat elastic.  While the variation 
in the ratio demonstrates that a single harvest index value is not always a valid 
assumption in biomass partitioning.  If HI is to be used as a predictor of stover biomass, 
the data suggest using a conservative estimate near 0.55 kg kg-1 for grain to stover 
mass unless plant stress limits grain production.  This more conservative value will 
serve to maintain adequate residue for soil and erosion maintenance. 
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Figure 3-1. Harvest Index for all plots sampled split by plant population density and 
year. 
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Figure 3-2. Harvest Index by yield level attained in each plot by planting density in 2011 
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Figure 3-3. Harvest Index by yield level attained in each plot by planting density in 2012 
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Figure 3-4. Prediction of stover biomass using a static harvest index of 0.52 kg kg-1 and 
grain mass from plots sampled in 2011 and 2012. 
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CHAPTER IV 
 
 DEVELOPMENT OF AN ALLOMETRIC MODEL TO QUANTIFY CORN STOVER BIOMASS 
 
ABSTRACT 
 In recent years research into potential bio-renewable sources of energy has 
been extensive.  Many crop residue materials are feedstock candidates for use in an 
array of bio-energy and other industrial applications. With a vast area of the mid-
western U.S. seeded to corn, the most abundant source of potential feedstock is corn 
stover.  Collection of corn stover has been demonstrated on a small scale by private 
developers and small research projects.  At issue is how to balance the short-term 
economic gain from removal with the long term need to adequately cover the soil 
surface to prevent erosion.  This project was conducted to develop a predictive model 
for quantifying corn stover biomass present on a given field.  Morphological 
measurements were collected for the development of an allometric model in order to 
predict biomass.  Actual biomass values were also utilized to calculate harvest index 
and characterize its value as a predictive measurement.   Across the broad range of 
values collected, a prediction model was developed from appropriate variables and 
regressed against collected biomass values.  Positive relationships between predicted 
and actual biomass were observed for the individual fractions evaluated.  The 
composite model of all fractions fit the corresponding measured biomass with an R2 of 
0.55 adj.  When the model was applied to an independent validation data set, however, 
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very poor predictions were observed for the measured fractions and in composite.  
Given the morphological plasticity observed among the wide range of genotypes, 
production practices, and environments represented within this study, it is apparent 
that a general model for predicting yield from allometric measurements is not feasible.  
However, it may be possible to develop models specific to certain genotypes, 
environments, and management practices that could be of some utility in predicting 
stover yield. 
 
INTRODUCTION 
In recent years corn stover has received attention as a potentially large biomass 
feedstock resource (Perlack and Stokes, 2011).  Corn residue, however, provides 
important ecosystem services with regard to environmental sustainability.  After a corn 
crop is harvested for grain, the residue provides a barrier and serves as a preventative 
measure against wind and water soil erosion. In addition to root biomass, it is a large 
soil carbon deposition source, and it serves as organic matter for nutrient and mineral 
cycling and buffering (Wilhelm et al., 2010a).  If corn stover is to be removed from the 
field, overall sustainability should be considered when deciding the best methodology 
and management of the removal operation.  This should be done in order to make the 
operation as economically, environmentally, and socially sustainable as possible 
(Johnson et al., 2010).  At issue is the necessity to provide adequate cover on the soil 
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surface so as to prevent erosion and runoff while at the same time facilitating the 
removal of excess stover for other end use purposes.   
Research of corn stover removal has centered around deriving the coverage or 
mass of stover that must remain on the soil surface to prevent erosion (Hoskinson et 
al., 2007; Edgerton et al., 2010). In order to predict this quantity, models have been 
utilized which account for crop and management parameters.  RUSLE2 (Foster, 2001; 
UDSA, 2008) and the Soil Conditioning Index (SCI) (NRCS, 2003) have been employed 
with some success towards this end (Edgerton, 2010).  The goal of this type of index is 
to incorporate soil properties, field information, and management practices to provide 
an estimate of the amount of residue required to prevent water erosion.  One 
weakness of this technique is the limitation of the model to accept only one field level 
value for the inputs into the model.  These input variables include field slope, soil type, 
estimated biomass, etc.  Thus, the ability to predict the erosion potential present per 
unit of land area is only representative of the area of land that has the exact 
parameters of the model.  This is a severe limitation in terms of applying the model in 
the changing landscape of a stover removal scenario.   
In order to make a more robust model across the many variable field and yield 
parameters observed across any production field of corn, a model would need to 
accept information on a more spatially-oriented level to aid in a collection model where 
at least historic, or preferably simultaneous, yield information would be available.  
Studies have proposed such a methodology that would incorporate sub-field inputs into 
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a model to generate a collection model for different zones of individual fields (Muth 
and Bryden, 2013). This type of collection model would be able to incorporate sub-field 
characteristics for inputs such as slope and yield.  Such a model is still limited by using 
estimates of harvest index or a calculated percentage of stover biomass derived from 
the yield measurements.  Alternatively, collection techniques could be developed 
based on maize biomass partitioning within the crop canopy.  Shinners and Binversie 
(2007) found that approximately 56% of the stover dry mass was in the stalk, 21% in 
the leaves, 15% in the cob, and 8% in the husk.  Pordesimo et al. (2004) found that 
about 50% of the non-grain biomass was comprised of stalk material at the time of 
grain harvest.  Barten et al. (2013, Ch. 1) found of the remaining non-grain plant 
material at harvest roughly 55% is found in the stalk and leaf material below the ear, 
25% is in the stalk and leaf material above the ear and the remaining 20% is found in 
the cob (12%) and the husk (8%). Other authors such as Wilhelm et al. (2010b) have 
evaluated the vertical distribution of biomass within a maize crop canopy and how 
cutting height affects the amount of remaining residue.  These efforts provide data that 
details proportionally, by height and by botanical fraction, how biomass is distributed 
within a particular field and how the amount of corn stover collected or returned varies 
proportionally with the cutting height.   
Allometry is the study of size and its biological consequences.  Described further 
with respect to the kingdom plantae, it is the relationship between allocation and 
prioritization of plant resources.  As plants grow and become larger there are well 
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studied relationships to other plant fractions and their anatomy.  Weiner (2004 pg.208) 
provides a very good discussion of allocation of resources and how it relates to 
plasticity and allometry.  He writes “many allocation patterns follow allometric 
trajectories and are therefore a function of plant size.  The partitioning ratio view is size 
independent, but almost all plants allocation patterns are size dependent.”  Because of 
these relationships, allometric modeling may be an appropriate approach to predict 
available biomass for situational corn stover collection. 
Effectively, what any allometric model would hope to do is to correlate physical 
measurements or a calculated volume to either the mass, or alternatively the physical 
density of a substance, so that a mass may be estimated.  Pordesimo et al. (2004) were 
able to derive just such a model utilizing simple stalk diameter and plant height 
measurements for a single hybrid.  These data could be utilized to predict both fresh 
and dry weight with the accuracy of R2 = 0.75  (Pordesimo et al., 2004).   
The aim of this research was to better understand the effect of plant size and 
scaling across a broad range of corn production management practices and to evaluate 
if such an allometric model could be developed and used broadly to estimate the 
amount of corn stover given site specific plant measurements across a range of hybrids 
and management practices. The premise of this modeling effort was the expectation of 
a repeatable relationship in the physical bulk density of corn stover and its botanical 
components.  If a consistent relationship exists then a simple volumetric calculation 
would be correlated to mass.  Alternatively, technology which can accurately measure 
91 
 
 
grain mass spatially across a field is readily available.  If an allometric relationship exits 
between vegetative and reproductive partitioning, i.e. harvest index, then this 
relationship might also lend itself to a predictive quantification of corn stover mass. 
The first objective of this project was to identify key allometric variables that are 
predictive of the amount of stover present in a corn field.  Hypothetically, the mass of 
the corn stover is related to the volume of the plants in the field and the physical 
density of that material.  While the material is quite heterogeneous, previous stover 
work has shown that if removed by height, the botanical components usually had 
repeatable proportions based on dry matter (Wilhelm et al., 2010b).  Therefore, if 
variables which correlated to the masses of these height fractions could be identified, 
their relationships could be tested in a predictive fashion.  The second objective was to 
measure harvest index from the established hybrids and plant population density 
treatments.  A robust allometric relationship between vegetative and reproductive 
masses could be used to predict corn stover mass present in a field.   Finally, the overall 
objective was to utilize these variables and relationships in a predictive mathematical 
model which could be used by those wishing to better quantify corn stover biomass in a 
field setting.  To accomplish these goals data were collected from two sets of hybrid 
yield trials.  A large diverse set comprised of numerous hybrids, environments, and 
multiple planting densities was used to develop a model.  Data was also collected from 
a second smaller set to be used for model validation. 
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MATERIALS AND METHODS  
 In order to provide data for a broad array of physical plant characteristics, 
completely randomized hybrid corn yield trials were established at several sites across 
Northern Iowa.  The sites were located in Iowa, near the towns of Rudd (43.12oN, 
92.90oW), Shell Rock (42.70oN, 92.58oW), Waverly (42.71oN, 92.47oW) and either 
Humboldt (42.72oN, 94.21oW) in 2011 or Greenville (43.01oN, 95.15oW)  in 2012.  At 
each of these sites completely randomized trials of hybrid by plant density were 
established.  From these trials a subset of hybrids were selected each year.  The hybrids 
were commercially available DeKalb hybrids (Monsanto Company) in the 98 – 107 day 
relative maturity range.  In 2011 six hybrids were sampled, and in 2012 four different 
hybrids were sampled from four planting densities.  The established densities in both 
years were 7.4; 8.8; 10.4; and 11.9 plants per square meter.  In 2011, an additional 
density of 5.9 plants per square meter was sampled.  Plots consisted of 6 – 50 cm rows 
7.6 m long.  Sampling was done in the interior of the plot to eliminate border effects.  
In 2012, sampling was done from plots which were established in 4 – 76 cm rows 7.6m 
long.   Data and samples were taken in row one or four of these plots. 
In addition to the data and samples collected from the density trials for the 
development of the model, a second group of plots were measured and sampled to be 
utilized as an independent validation set.  These plots were of a larger physical size, 4 – 
76cm rows, each 15.3m long;  however, they were different DeKalb Hybrids planted at 
a single density, within the range of inference, at locations near but not contiguous to 
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the density trials.  The hybrids sampled were repeated across locations within but not 
across years.  The plots were established using precision vacuum plot planters and 
were managed for above average yields.  Samples for both sets of trials were collected 
at physiological maturity.  Before sampling, counts were taken for agronomic data 
including brittlesnap, and barrenness. Sampling methods were adapted from those 
described by Pordesimo et al. (2004).  Plant spacing for twenty contiguous plants was 
measured to confirm plant population density.  Allometric measurements were taken 
on three plants in the interior of the plot.  These measurements consisted of two stalk 
diameter readings, plant height to the collar of the flag leaf and ear height to the ear 
node on the stalk.  The diameter measurements were measured with digital calipers 
(Mitutoyo America; Aurora, IL) to the nearest mm on the minor axes at both the center 
of the internode just above the brace roots, and at the center of the internode just 
below the primary ear. Ear and plant height were measured from the ground to either 
the ear node or flag leaf with an adjustable measuring stick.  Measurements were taken 
to the nearest inch and were then converted to centimeters.  Once the allometric 
measurements were collected, ten whole plants were collected from one row of the 
four row plots. The plants were selected in alternating fashion from the interior of the 
plot.  Plants were then cut at ground level with loping shears.  In some instances at the 
lowest plant density brace roots interfered so that a small portion of roots and stalk 
rind remained.  Ears, including secondary ears if present, with the husk and shank 
attached were placed in a harvest bag and the ear number collected.  The ten plant 
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stalk fractions, with leaf material still attached were bundled and tied, then hauled to 
the front of the field.  There the stalk portion, including leaves and tassel, were split 
into two stalk portions, top and bottom, at the primary ear node.  Each fraction was 
placed in a mesh bag and placed on a forced air drier at approximately 40oC for 3-5 
days to achieve stable moisture of roughly 0.10 g g-1.  Each of the fractioned samples 
was then weighed and chipped to provide a subsample for oven dry moisture 
determination.    The ears were transported back to the research station where they 
were shelled using a bulk ear sheller commercially available from Almaco Company, 
Nevada, IA.  This allowed us to split the ear into three different fractions; cob, grain, 
and husk in addition to both a top and bottom stalk fraction yielding a total of five 
separate fractions.  Samples were then taken to the Monsanto Crop Analytics 
laboratory in Ankeny, Iowa there they were oven dried in order to measure dry matter 
of the samples.  These values were then applied to whole field dry matter calculations.   
Mathematical Analysis 
Each hybrid was assigned an estimated relative maturity (ERM), and growing degree 
days to silking as described in the DeKalb corn product guide.  Plot variables measured 
on a whole plot basis were plant population density, and field notes were taken if 
required.   Plot level data which was measured on individual plants or the ten plant 
sample included base radius, ear radius, ear height, and plant height.  Data was 
formatted and analyzed using SAS software (SAS Institute).  Variables were evaluated 
for multi-colinearity using Pearson correlation coefficients and a variance inflation 
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factor (VIF) calculated in the regression procedure.   The VIF quantifies the severity of 
multicollinearity and provides an index to quantify how much the variance of an 
estimated coefficient is increased because of collinearity.  As anticipated, many of the 
allometric plant variables measured were correlated with each other. This was 
particularly problematic because the majority of the mass of the dried corn plants was 
represented in the combined stalk and leaf fractions.   
In order to incorporate as many of the variables as possible, two volume 
calculations were made.  The first utilized the base node radius, the ear node radius 
and the ear height (the distance from the ground to the ear) to calculate the volume of 
a frustum (Eqn. 1).   
Eqn. 1. Frustum    
 
A second volume calculation was made for the top portion of the plant.  This 
calculation utilized the ear node radius and the top distance, calculated as plant height 
minus ear height, to approximate the volume of the stalk in the form of a cone from the 
ear to the flag leaf (Eqn. 2).   
 
Eqn. 2. Cone                 
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After co-linearity was addressed the acceptable variables were included in the 
multiple linear regression models for the prediction of the stover fractions.  The 
variables which correlated well with stalk mass, cob or husk mass but had low 
correlation with the other variables were considered for multiple linear regression 
models.  The multiple linear regression analysis was conducted for each of the stover 
fractions individually which were the top and bottom stalk fractions, the cob fraction 
and husk fraction.   
Model Development 
For the stover fractions associated with the ear, the cob and husk, it was assumed 
that grain weight would be a quantified variable at the time of the collection.  
Therefore, grain mass could potentially be used to estimate the yield of ear fractions.  
Stalk mass was estimated using the variables plant population density, estimated 
relative maturity, whole plant volume, and plant height.  Grain weight, as well as ERM 
and plant height gave the best prediction for cob weight while grain weight, ERM and 
the volume of the top fraction best predicted the husk weight.  These parameters and 
variables are presented in Table 4-1, 4-2, and 4-3.  Using these variables and 
parameters, predicted values for fractional stover mass were estimated. The variables 
were also modeled predicatively for a new variable, stover, which was the sum total of 
the dry matter for the four variables.   
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RESULTS AND DISCUSSION 
Two very different growing seasons were observed in 2011 and 2012.  The 
growing season in 2011 was highly productive at the sites evaluated with more than 
adequate water, fertility, and good management resulted in a high grain yields.  The 
growing season in 2012 could be characterized as droughty, with limited water 
available late in the growing season.  This abiotic stress severely impacted grain filling 
and yield potential.   
The range of plant population density, hybrid, location and year gave a broad 
range of corn stover mass collected from the plots (Fig. 4-1).  The mass of the stover 
collected in the plot ranged from just under 6,000 kg ha-1 to greater than 16,000 kg ha-
1.  Similarly, the grain mass for the plots in the study ranged from just over 4,000 kg ha-1 
to almost 17,000 kg ha-1 .  As was found in our previous research, the lower stalk 
fraction produced the highest masses of the fractions sampled with a mean mass of 
5,283 kg ha-1 (Barten, 2013).  The top fraction had the second highest mass averaging 
2,856 kg ha-1 contained in the stalk and leaf material above the ear node.  The cob and 
husk fractions, respectively, averaged 1,334 kg ha-1 and 798 kg ha-1 to round out the 
total stover quantities.  The average HI of the entire data set was 0.52 kg kg-1 of the dry 
matter collected from the plots being contained in the grain fraction.   
 The plot of the predicted stover values compared to the actual stover masses 
collected showed a relationship with an R2 of 0.55 adjusted (Fig. 4-2).  There were 
enough data points that the 95% confidence interval around the mean is quite good.  
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However, the confidence interval for specific predicted values is not nearly as good.  
The trend line is generally flat compared to the actual measurements in that it over 
predicts stover mass at the lower end of the observed range and under predicts the 
actual mass observed at the high end of the range.  The overall relationship is 
significantly less than was observed in the work by Pordesimo et al. (2004).  This was 
the same relationship that was seen when the individual model for stalk and leaf mass 
is evaluated (Fig. 4-3).  The trend is generally flat, over predicting the lower actual 
stover masses and under predicting the largest actual masses with an adjusted R2 of 
0.54.   The fact that these two trend lines share a similar slope and relationship to the 
total stover mass relationship would be expected since the top and bottom fractions 
comprise nearly eighty percent of the total stover mass collected from the plots.  The 
predictive models utilized for the cob (Fig. 4-4) and husk (Fig. 4-5) fractions did not 
predict the actual mass of the two ear fractions very well.  These two fractions had a 
significantly smaller range in the values of actual stover collected.  The fit of the 
regression line for actual versus predicted had an adjusted R2 of 0.50 for the cob 
fraction and 0.42 for the husk fraction.   
Model Validation 
 After the models were evaluated on the first data set from which they were 
developed, they were applied to the set of data which were collected to be utilized as a 
validation set for the model.  When the predicted and actual data are compared for the 
validation data set the relationships are poor for the total and fractional stover masses 
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measured.  The validation data set had a much smaller range of variation in the actual 
stover mass values for each fraction measured.  Because of this small range of values 
there is generally no relationship for the predicted measurement for any of the stover 
fractions.  The regression model yields an adjusted R2 of 0.15, 0.06, 0.21, and 0.14 for 
the total, stalk, cob, and husk fractional masses respectively (Fig. 4-6, 4-7, 4-8, & 4-9).  
For the total stover model and the model for the stalk fractions, the range of 
values observed are very narrow compared to those from which the model was 
derived.  When the points on these graphs are overlaid on the graphs from the model 
data set it is observed that the data points do indeed fall directly in line with the data 
points from the model data set.  The range for the cob and for the husk is broader and 
more fully represents the range of values seen in the model data set.  This allows for a 
better prediction for those fractions from the validation data set.   
 While these results suggest the model is too variable for the site-specific 
prediction of fractional corn stover masses, they do provide an opportunity to gain 
valuable information about how the plants are changing given the management factors 
applied to the plots.  This information may provide some insight as to why the model 
failed, and was unable to attain a level of predictive capability attained in previous 
studies.   
 To try to understand the lack of fit in the model the variation of the data was 
evaluated within each of the fractional stover masses (Fig. 4-1). There is a wide range of 
values observed in each of the fractions.  However, given the wide range of population 
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density treatments represented this would be expected.  The range of variation seen in 
the fractional masses is large, but the variation is within those measured previously 
within our research (Barten, 2013).  Masses collected of the lower stalk fraction range 
from 4,217 to 6,155 kg ha-1 within the first and third quartile range. With this fraction 
representing the heaviest of the stover fractions it is easy to understand how a 
discrepancy in the prediction of this fractional mass would introduce a significant 
amount of error within the model.  The aim of the allometric model was to be able to 
correlate this mass to the volume represented by the associated plant fraction.   This 
association between volume and mass is where the model fails to account for the 
variation present in the samples collected.  When the measurements collected from 
the plants are evaluated across hybrids and across densities within a given year, the 
experimental structure allows for the comparison of means for the plot measurements.  
Evaluation of the hybrids within each year shows significant differences among the 
hybrids for the measurements collected from the plants sampled from across all of the 
density treatments for that year (data not shown).  At least two hybrids differ for each 
of the measurements collected.  This variation alone does not explain the model’s lack 
of fit with the actual data.  There are some interesting individual hybrid characteristics 
which can explain some of the variation.  One hybrid, collected in 2011, had the highest 
ear placement of the hybrids collected that year, but it also had the largest diameter 
internode just below the ear.   It would be expected from evaluation of the 
measurements that the stalk would taper uniformly so that the internode diameter of 
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the hybrid with the highest ear placement would be the narrowest diameter.  This was 
not the case as it was the largest diameter that year, and this sort of inconsistency led 
to some of the variation in the masses.   
When the density effect was evaluated in each year, clear trends were observed 
for each of the plant variables measured (Table 4-4).  As plant population increased the 
plant size is reduced due to the increased number of plants by which the amount of 
available resources had to be divided per unit area.   Clear reductions were seen in stalk 
diameter, both at the base internode of the plant and at the internode just below the 
ear.  Plant height and ear height had an asymptotic response to increased density and 
the change in measured values between densities was much less significant.  The 
changes in the stalk diameter and height measurements altered the plant volume 
calculations accordingly.  The lowest plant population density had the largest plants 
(cm3) while there was a steady and significant trend for decreasingly smaller plants as 
the plant population was elevated.  This change in volume was seen more in the lower 
portion of the stalk than in the top portion of the stalk. 
 Interestingly it is the specific hybrid by density interaction that causes most of 
the unexplained variation in the predictive model.  The measurements were taken on 
individual plants within plots established at prescribed density treatments.  So as to be 
meaningful on a unit area basis, the values had to be increased to represent the 
proportion of plants that each particular sample represented within the broader 
population density.  When evaluated, the trend shows that as plant population density 
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increased, the amount of stover trended up as well in each year.  However, there were 
specific hybrid by plant population density interactions for the rate of increase in 
biomass observed.  Some hybrids increased biomass dramatically with the increasing 
plant population density, while others increased biomass at a much lower rate (Table 4-
5).  Because all of the hybrids did not have the same linear slope in the amount of 
increased biomass per plant population density the volume to mass equivalency that 
we hoped to be established was quite variable. 
The variation in these results is summarized when the data is plotted for the 
direct relationship that was being evaluated which was volume to mass (Fig. 4-10).  The 
plot shows a relatively consistent upper boundary, but a large amount of variation for 
volume exists, as the plant mass increases, ranging from the upper limits to half of the 
maximal volumes.  Since this error is more prevalent in the larger plants, it can be 
deduced that these plants were sampled from the lowest plant density (Table 4-5).  At 
the lower plant densities it appears that there are large differences in hybrid mass per 
unit volume.   
Another source of error could be the leaf blades and sheaths.  These fractions 
were included in the weight of the stalk biomass, but were not characterized for 
surface area or relative contribution to the total stalk biomass.  At very low plant 
densities it would be expected that the leaves would grow larger, thus contributing 
more mass to the single plant mass value while having no representation in the volume 
calculation.  It could also be hypothesized that hybrid differences for leaf area and mass 
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exist in the hybrids chosen for inclusion in this study.  At lower plant densities, where 
resources are less limiting per individual plant, these differences would potentially 
express to a greater degree. 
CONCLUSIONS 
 In the trial, differing plant population density treatments were applied to ten 
hybrids grown in plots to provide a range of plant morphologies which were measured 
and evaluated for the development of an allometric model which would be used to 
predict the amount of biomass in each plot.  Similarly, a separate set of data comprised 
of random hybrid and plant density components was collected in the same manner to 
serve as a validation data set.  Across the broad range of values collected a prediction 
model was developed from appropriate variables and regressed against collected 
biomass values.  Good trends were observed for the fractions evaluated and a 
composite model fit the corresponding measured biomass with an R2 adj. of 0.55.  When 
the model was applied to an independent validation data set, very poor predictions 
were observed for the measured fractions and in composite.  After reviewing the data, 
the validation data was predicted within the confidence intervals established in the 
model development data set.  The limited range of the measured variables in the 
validation set showed that the variation present in the model would limit its application 
in the site-specific collection of corn stover.  After the data was examined further 
results show a significant amount of variation in the relationship between calculated 
stalk volume and the mass corresponding to the combined phytomer (stalk, leaf sheath 
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and blade) sections represented in that fraction.  This variation results from the range 
of values observed within individual hybrids and plant population densities, and that 
interaction, for the two years of this study.  Because hybrids were not repeated across 
years, they must be evaluated within the year they were grown.   Still, clear trends 
were evident in terms of biomass production.  As plant population density increases the 
amount of resources available to each plant generally becomes smaller with regard to 
mass and volume.  However, the total amount of biomass produced across a unit area 
increases with plant population density.  As the plants become smaller with increasing 
plant densities, plant height is not dramatically affected.  The plant height data 
collected shows a quadratic response with values increasing somewhat, then 
decreasing at the highest plant densities tested in this study.  The stalk diameter 
measurements are significantly impacted by increasing plant density.  This reduction in 
diameter also reduced the calculated whole plant volume.  There was hybrid-to-hybrid 
variation for not only the individual parameters characterized in the study, but the 
effect of the interaction with plant population density was also significant by hybrid 
within each year tested.  With the very general hybrid and plant density variables 
chosen for this study, the data show that there is a significant amount of variation 
present for the allometric variables measured.  This variation subsequently reduces the 
significance of the relationship that exists between stalk volumes, as it was measured in 
this study, and mass.   
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 Despite the lack of precision in corn stover biomass prediction there were 
interesting findings from this study.  Good trends were seen in plant morphological 
characteristics.  As plant population density increased the plant height remained 
relatively constant while the stalk diameter and rind thickness decreased.  Overall 
stover biomass increased with increasing plant populations. This data could prove 
useful in future modeling work which attempts to predict how plants adapt to ever 
changing management practices such as plant population.   
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Table 4-1.  Parameter estimates of MLR prediction equation for stalk and leaf fraction 
dry matter (t/ha). 
                             Parameter        Standard                                Variance 
   Variable      DF        Estimate           Error      t Value    Pr > |t|       Inflation 
 
   Intercept     1       -13544     1818.3      -7.45        <.0001           0 
   Density*      1        0.06734         0.0043       15.64        <.0001       1.25 
   ERM             1     190.78502      17.80      10.72        <.0001         1.09 
   WPVol         1        21.10703      2.29        9.23           <.0001          1.72 
   PHT              1       -37.84112        4.56     -8.30         <.0001          1.57 
*Density refers to plant population density 
 
Table 4-2.  Parameter estimates of MLR prediction equation for cob fraction dry matter 
(t/ha). 
 
                          Parameter       Standard                                  Variance 
   Variable     DF        Estimate          Error      t Value    Pr > |t|       Inflation 
 
   Intercept      1      -754.53731      296.13       -2.55        0.0113              0 
   GrainWt*     1         0.09904         0.0062       16.07       <.0001         1.26 
   ERM              1        14.77894         2.932       5.04         <.0001         1.08 
   PHT               1        -2.51921         0.69       -3.67        0.0003         1.32 
*GrainWt refers to per plant grain mass on DMB 
 
Table 4-3.  Parameter estimates of MLR prediction equation for husk fraction dry 
matter (t/ha). 
 
                          Parameter      Standard                                Variance 
   Variable    DF        Estimate          Error      t Value    Pr > |t|       Inflation 
 
   Intercept     1     -1374.8       229.64             -5.99         <.0001              0 
   GrainWt*    1        0.03334        0.0043     7.72         <.0001         1.05 
   ERM             1        13.81894        2.21        6.25         <.0001         1.04 
   TPVol           1         5.21840         0.53        9.87         <.0001         1.02 
*GrainWt refers to per plant grain mass on DMB 
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Figure 4-1. Fractional Stover masses for the 2011 and 2012 allometric model data set. 
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Figure 4-2.  Actual total stover (kg ha-1) DMB vs. predicted (kg ha-1) from the three 
predictive MLR for each fraction (Stalk, Cob, Husk) evaluated in the model data set.   
 
 
 
111 
 
 
 
Figure 4-3. Actual Stalk mass (kg ha-1) for the Model data set vs. predicted.   
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Figure 4-4. Predicted Cob mass (kg ha-1) from MLR of model data set 
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Figure 4-5. Predicted Husk mass(kg ha-1) from MLR of model data set. 
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Figure 4-6.  Actual total stover weight (kg ha-1) vs. predicted for the validation data set. 
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Figure 4-7. Actual stalk fraction weight (kg ha-1) vs. predicted for the validation data set. 
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Figure 4-8. Actual cob weight (kg ha-1) vs. predicted for the Validation data set. 
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Figure 4-9. Actual husk weight (kg ha-1) vs. predicted for the Validation data set. 
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Figure 4-10. Plot of model data set for single plant OD stalk biomass vs. calculated stalk 
volume. 
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Table 4-4. Average fractional stover mass by individual hybrid and year. 
 
Year Hybrid 
Top (kg 
ha-1) 
Bottom 
(kg ha-1) 
Cob (kg 
ha-1) 
Husk 
(kg ha-
1) 
Grain 
(kg ha-
1) HI 
2011 1 2396.1 3821.5 1040.4 551.1 10551.1 0.57 
2011 2 2306.0 4424.3 1519.0 629.5 11389.5 0.56 
2011 5 2890.4 3899.6 1037.7 772.3 11907.5 0.58 
2011 6 3090.5 4336.8 1218.8 1005.2 12293.6 0.56 
2011 8 3135.8 5472.2 1562.8 766.7 12335.6 0.53 
2011 9 2773.1 6385.9 1566.5 716.8 12740.4 0.53 
2011 Mean 
 
2765.3 4723.4 1324.2 740.3 11869.6 0.55 
LSD 0.05 
 
414.1 601.5 146.1 105.7 1191.1 0.02 
                
2012 3 3286.6 6550.5 1381.9 1009.1 10901.5 0.47 
2012 4 2885.5 5763.5 1423.7 816.7 11269.4 0.51 
2012 7 3811.7 5902.3 1453.8 966.5 10622.1 0.47 
2012 10 2740.4 6688.6 1162.5 763.6 10169.6 0.47 
2012 Mean 
 
3181.0 6226.2 1355.5 889.0 10740.7 0.48 
LSD 0.05   374.6 841.3 181.3 126.4 1597.2 0.04 
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Table 4-5. Average fractional stover mass by plant population density treatment and 
year. 
        
Year 
Plant 
Density 
m-2 
Top 
(kg ha-
1) 
Bottom 
(kg ha-
1) 
Cob 
(kg ha-
1) 
Husk 
(kg ha-
1)  
Grain 
(kg ha-
1) 
Harvest 
Index 
2011 5.9 2397.7 3982.7 1181.2 714.7 10277.9 0.55 
2011 7.4 2581.1 4252.1 1280.1 738.3 11371.9 0.56 
2011 8.8 2838.7 4814.3 1330.8 732.0 11986.0 0.55 
2011 10.4 2950.9 5191.7 1405.8 753.9 12790.7 0.55 
2011 11.9 3024.4 5366.9 1416.7 749.7 12865.2 0.55 
2011 Mean 
 
2758.6 4721.6 1322.9 737.7 11858.3 0.55 
LSD 0.05   361.1 524.6 127.4 92.2 1038.4 0.01 
  
      
  
2012 7.4 2931.8 5539.4 1267.4 860.6 10082.5 0.49 
2012 8.8 3140.8 6058.2 1334.1 895.8 10939.4 0.49 
2012 10.4 3299.6 6630.8 1396.3 918.6 11073.0 0.47 
2012 11.9 3307.0 6693.9 1421.5 875.0 10926.5 0.47 
2012 Mean 
 
3169.8 6230.6 1354.8 887.5 10755.3 0.48 
LSD 0.05   374.7 841.1 181.3 126.4 1597.2 0.04 
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 CHAPTER V 
SUMMARY AND CONCLUSIONS 
 
SUMMARY 
 
Corn stover has the potential to be a large piece of any bio-renewable policy 
(Perlack et al., 2005).  The wide diversity of Zea maize, its broad area of adaptability, 
the great utility of its grain and the tremendous amount of research being conducted 
on the species as a crop plant will ensure that its residue will continue to be discussed 
as a bio-energy feedstock (Lorenz et al., 2010).   However, corn stover already serves as 
an impediment to erosion as well as a functioning feedstock for nutrient cycling and 
mineralization.   Any removal operation will have to balance the economic and 
sustainability factors which will impact the collection procedures (Johnson et al., 2010).   
Additionally, there are numerous collection methods which may prove viable 
depending on the specific feedstock collection targets.  With these considerations in 
mind some researchers have tried to use estimates or predictions of stover mass in 
order to make a more educated removal plan (Edgerton et al., 2010; Pordesimo et al., 
2004; Wilhelm et al., 2010).  One limitation to these efforts is the lack of ability to 
model across changing field and management variables to better estimate stover 
biomass (Muth et al., 2013).   
The first objective of this research was to characterize and quantify corn stover 
biomass.  This information would serve to provide estimates from a large number of 
hybrids collected at locations across the corn belt to estimate the variation that may be 
122 
 
 
present in biomass, composition as well as water and mineral concentration in corn 
stover at the time of collection.  The second objective was to develop an allometric 
prediction model to be utilized in the estimation of corn stover biomass. Hypothetically, 
the mass of the corn stover is related to the volume of the plants in the field and the 
physical density of that material.  To achieve this objective several allometric variables 
were measured as was actual plant biomass from hybrid corn plots seeded at four plant 
population densities.  Harvest index was calculated from these plots in order to 
evaluate if it is a stable relationship which could predict stover biomass.  Other 
variables were utilized in volumetric calculations in order to develop a multiple 
regression model to predict the stover mass variable.   
CONCLUSIONS 
The most significant findings from this research were the observed levels of the 
harvest index ratio from the plots sampled.  The corn crops ability to attain a harvest 
index level of 0.60 kg kg-1 in some plots demonstrates the crops ability to efficiently 
partition biomass to the grain at rates not previously observed on a large scale.  In good 
productive environments, as was observed across sites in 2011, an average HI value of 
0.55 kg kg-1 was observed.  There was a significant amount of variation in the ratio seen 
across the two years sampled.  While the variation in the ratio does not specifically 
allow the measurement to be used broadly to predict total biomass, it does 
demonstrate that a single harvest index value is not always a valid assumption in 
biomass partitioning. 
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In regard to the first objective of characterizing stover, the most significant finding 
was the large amount of variation found in the biomass, composition, and nutrient 
concentrations in the different stover fractions.  These variables, at the time of grain 
harvest, were significantly affected by year, planting density, and hybrid.  The largest 
fraction of biomass is found in the grain.  Of the remaining plant material roughly 55% 
is found in the stalk and leaf material below the ear, 25% in the stalk and leaf material 
above the ear and the remaining 20% is found in the cob (12%) and husk (8%).  The 
lower stalk fraction is the highest in moisture at harvest, and contains the highest 
proportions of cellulose, lignin, and minerals.  The upper stalk was high in cellulose and 
ash.  The cob and the husk held the highest proportional hemicellulose concentrations 
as well as the lowest lignin, ash, and mineral concentration.  The composition of corn 
stover is highly variable across hybrids, and is impacted by management variables such 
as planting densities, as well as environmental factors associated with the growing 
season.  Representative samples should be taken from individual field level treatments 
if the constituents are to be determined accurately. 
As for the allometric model, this work was able to generate a model which 
correlated to stover biomass.  Good trends were observed for the fractions evaluated 
and a composite model fit the corresponding measured biomass with an R2 of 0.55 adj.  
However, when the model was applied to the validation data set, very poor predictions 
were observed for the measured fractions and in composite.  It was hoped that the 
model would predict corn stover biomass across a range of plant populations and 
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morphological variables.  However, given the broad inference levels of hybrids and 
plant density treatments in the yield trials it is understandable why the model was 
unable to account for all of the variation present in biomass.   
Despite the lack of precision in corn stover biomass prediction there were 
interesting findings from this study.  Good trends were seen in plant morphological 
characteristics.  As plant population density increased the plant height remained 
relatively constant while the stalk diameter decreased.  Overall stover biomass 
increased with increasing plant populations. This data could prove useful in future 
modeling work which attempts to predict how plants adapt to ever changing 
management practices such as plant population.   
Economic and sustainable corn stover collection methodology depends on a 
host of different variables which must be addressed in order to be achieved 
successfully.  The work done in this study would suggest, given the variation present in 
all aspect of management of the crop and residue, that the best way to address the 
variability present would be the implementation of a detailed sampling protocol from 
each field level variable in a collection field.  If this is not possible then any whole field 
generalization should be made conservatively so as to error on the side of 
sustainability.  For example the assumption of a HI level of 0.55 kg kg-1 would 
conservatively estimate less stover per unit of grain harvested.  Leaving enough 
residues to protect our natural resources from erosion and improving the quality of 
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that resource is the only manner that a stover collection methodology can claim to be 
truly bio-renewable for generations to come. 
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APPENDIX A 
Figure A-1. Map of locations sampled in 2008 and 2009. 
1
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Table 1. Fractional mass of four control hybrids by year 
Year 2008 2008 2008 2008  
2009 2009 2009 2009 
Hybrid 1 2 3 4  
1 2 3 4 
# of Observations 70 70 60 60  
105 105 105 105 
 
 
Total Biomass (T/ha) 
         
Mean 19.67 18.68 21.49 20.45 
 
19.35 19.12 22.36 22.68 
Variance 8.41 8.54 9.41 11.59 
 
5.60 6.05 9.79 12.36 
StdErrMean 0.35 0.35 0.43 0.47 
 
0.25 0.26 0.34 0.37 
Stover Dry Matter (T/ha) 
         
Mean 8.38 7.93 8.57 8.40 
 
8.50 8.30 9.98 10.22 
Variance 0.94 1.41 2.58 2.73 
 
1.41 1.75 2.74 2.66 
StdErrMean 0.12 0.14 0.22 0.23 
 
0.13 0.14 0.18 0.17 
Grain Dry Matter (T/ha) 
         
Mean 11.32 10.74 12.83 12.03 
 
10.88 10.89 12.38 12.58 
Variance 4.82 4.91 4.35 5.01 
 
2.04 2.27 4.15 4.94 
StdErrMean 0.26 0.27 0.28 0.30 
 
0.14 0.15 0.20 0.22 
Top Fraction Dry Matter 
(g/10plants)          
Mean 302.69 291.29 302.85 291.99 
 
253.58 226.46 326.13 324.82 
Variance 6417 6706 7423 8764 
 
5373 4783 9490 7989 
StdErrMean 9.64 9.79 11.41 12.40 
 
7.64 7.10 10.27 9.22 
Bottom Fraction Dry Matter 
(g/10plants)          
Mean 473.33 471.29 482.80 487.22 
 
521.19 505.45 585.15 604.31 
Variance 12383 13897 18065 24393 
 
12081 16330 16568 17508 
StdErrMean 13.40 14.09 17.50 20.51 
 
10.99 12.53 12.87 13.04 
Cob Fraction Dry Matter 
(g/10plants)          
Mean 173.87 173.06 203.05 197.55 
 
192.69 191.50 211.91 226.18 
Variance 1637.68 1804.14 2312.59 2375.10 
 
1677.42 2297.58 2088.60 2286.10 
StdErrMean 4.84 5.11 6.54 6.51 
 
4.08 4.72 4.57 4.71 
Husk Fraction Dry Matter 
(g/10plants)          
Mean 86.19 81.81 110.70 105.93 
 
100.20 93.60 129.37 130.82 
Variance 593.10 604.32 924.82 883.03 
 
702.61 659.53 1139.78 1363.83 
StdErrMean 2.91 2.96 4.14 3.94 
 
2.66 2.59 3.39 3.64 
Grain Fraction Dry Matter 
(g/10plants)          
Mean 1396.58 1389.16 1648.25 1544.73 
 
1385.40 1357.05 1568.18 1587.53 
Variance 132922 161073 148593 124328 
 
91298 121533 134436 141450 
StdErrMean 43.89 48.32 52.46 47.54 
 
30.37 34.18 36.67 37.42 
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Table 2.  Mean fractional masses from Stover samples by individual year. 
Year                                         2008                                                      2009 
Plant population 
ha-1  56,833 69,188 81,543 93,898 106,253 56,833 69,188 81,543 93,898 106,253 
# of 
Observations 52 52 52 52 52 84 84 84 84 84 
 
Total Biomass (T/ha) 
         Mean 18.69 20.32 19.69 20.43 20.63 19.74 20.47 21.33 20.98 21.96 
Variance 8.95 8.79 9.94 10.37 11.63 9.41 10.08 10.76 13.38 9.71 
StdErrMean 0.42 0.43 0.48 0.47 0.49 0.36 0.37 0.39 0.44 0.38 
Stover Dry Matter (T/ha) 
         Mean 7.76 8.44 8.09 8.57 8.64 8.60 8.99 9.40 9.43 9.90 
Variance 1.54 1.23 2.04 1.80 2.23 2.60 2.71 2.98 3.11 2.03 
StdErrMean 0.17 0.16 0.21 0.20 0.21 0.19 0.19 0.20 0.21 0.17 
Grain Dry Matter (T/ha) 
         Mean 10.93 11.88 11.72 11.80 11.94 11.11 11.63 11.99 11.61 12.04 
Variance 4.34 5.38 5.37 5.69 5.59 3.01 3.61 3.45 4.93 4.43 
StdErrMean 0.29 0.33 0.33 0.34 0.33 0.19 0.21 0.21 0.25 0.24 
Top Fraction Dry 
Matter 
(g/10plants) 
          Mean 365.03 335.88 281.90 264.00 234.08 361.97 315.88 264.06 236.27 229.31 
Variance 7210 6965 4034 3267 3144 10180 5968 5561 5314 4113 
StdErrMean 11.77 11.57 8.98 8.17 7.93 11.57 8.92 8.67 8.53 7.51 
Bottom Fraction 
Dry Matter 
(g/10plants) 
          Mean 586.92 548.15 437.87 426.11 391.24 672.82 599.61 543.57 487.11 465.84 
Variance 13286 18220 9585 6793 7426 16301 13794 8810 12889 6380 
StdErrMean 16.14 18.72 13.99 11.43 11.95 14.10 13.05 10.43 12.54 8.88 
Cob Fraction Dry 
Matter 
(g/10plants) 
          Mean 231.49 208.88 176.31 161.26 147.46 257.40 227.41 199.59 178.21 164.23 
Variance 1527.6 1964.1 903.46 1130.9 463.76 1611.1 1210.9 1107.7 1183.4 677.04 
StdErrMean 5.42 6.40 4.29 4.76 3.05 4.43 3.84 3.70 3.80 2.91 
Husk Fraction 
Dry Matter 
(g/10plants) 
          Mean 123.77 106.79 90.29 81.45 70.58 146.85 126.36 110.02 95.31 88.57 
Variance 679.44 758.45 505.84 420.10 248.72 1251.2 974.33 709.35 587.77 459.10 
StdErrMean 3.61 3.93 3.21 2.90 2.23 3.91 3.49 3.00 2.71 2.43 
Grain Fraction 
Dry Matter 
(g/10plants) 
          Mean 1850.3 1695.7 1417.1 1283.2 1164.7 1864.0 1642.7 1437.3 1243.3 1168.6 
Variance 108564 125589 76164 78240 47411 76938 64742 64953 68587 56122 
StdErrMean 46.14 51.15 39.83 39.56 30.79 30.45 28.27 28.67 29.28 26.32 
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Table 3. Fractional harvest moisture (% of fresh wt.) for control hybrids across years. 
Year 2008 2008 2008 2008 2009 2009 2009 2009 
Hybrid 1 2 3 4 1 2 3 4 
# of Observations 70 70 60 60 105 105 105 105 
 
Top Fraction Harvest Moisture (%) 
Mean 36.94% 35.09% 40.68% 43.14% 45.73% 41.61% 48.71% 50.28% 
Variance 2.27% 2.61% 1.80% 2.46% 2.65% 3.27% 2.73% 2.14% 
StdErrMean 1.83% 1.93% 1.78% 2.06% 1.70% 1.86% 1.75% 1.51% 
 
Bottom Fraction Harvest Moisture (%) 
Mean 56.84% 57.01% 63.47% 63.45% 63.75% 60.81% 71.01% 71.39% 
Variance 2.62% 3.18% 1.85% 1.79% 2.00% 1.95% 0.73% 0.43% 
StdErrMean 1.95% 2.13% 1.77% 1.76% 1.42% 1.37% 0.85% 0.64% 
 
Cob Fraction Harvest Moisture (%) 
Mean 35.67% 36.04% 47.11% 47.45% 39.50% 37.58% 51.71% 54.02% 
Variance 1.51% 1.61% 0.42% 0.51% 1.66% 1.47% 0.49% 0.60% 
StdErrMean 1.47% 1.53% 0.88% 0.95% 1.28% 1.19% 0.70% 0.76% 
 
Grain Fraction Harvest Moisture (%) 
Mean 20.90% 21.14% 23.87% 25.53% 22.83% 22.30% 30.03% 31.42% 
Variance 0.17% 0.17% 0.22% 0.20% 0.21% 0.23% 0.39% 0.41% 
StdErrMean 0.49% 0.50% 0.64% 0.61% 0.46% 0.48% 0.62% 0.63% 
 
Husk Fraction Harvest Moisture (%) 
Mean 25.17% 24.57% 31.08% 32.47% 35.62% 33.32% 39.45% 41.23% 
Variance 1.55% 1.41% 1.07% 1.35% 2.13% 2.23% 1.45% 1.40% 
StdErrMean 1.49% 1.43% 1.42% 1.54% 1.47% 1.51% 1.21% 1.17% 
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Table 4. Fractional harvest moisture (% of fresh wt.) for control hybrids across plant populations and years. 
 
Year 2008 2008 2008 2008 2008 2009 2009 2009 2009 2009 
Plant density ha-
1  56,833 69,188 81,543 93,898 106,253 56,833 69,188 81,543 93,898 106,253 
# of Observations 52 52 52 52 52 84 84 84 84 84 
 
Top Fraction Harvest Moisture (%) 
Mean 47.44% 41.58% 35.20% 34.20% 34.49% 51.72% 49.17% 45.58% 43.14% 43.04% 
Variance 2.22% 2.44% 1.87% 2.09% 2.04% 2.60% 2.38% 2.86% 2.88% 2.79% 
StdErrMean 2.06% 2.17% 1.93% 2.04% 2.04% 1.87% 1.78% 1.97% 1.99% 1.95% 
 
Bottom Fraction Harvest Moisture (%) 
Mean 67.14% 62.44% 58.00% 55.44% 56.58% 70.82% 69.74% 65.95% 63.76% 63.30% 
Variance 1.10% 2.00% 2.85% 2.95% 2.80% 1.16% 1.18% 1.50% 1.58% 1.57% 
StdErrMean 1.47% 1.96% 2.41% 2.38% 2.32% 1.19% 1.21% 1.36% 1.39% 1.39% 
 
Cob Fraction Harvest Moisture (%) 
Mean 42.31% 41.60% 40.00% 39.84% 40.72% 45.90% 46.73% 45.62% 45.16% 45.01% 
Variance 1.02% 1.20% 1.68% 1.56% 1.58% 1.05% 1.31% 1.53% 2.05% 2.01% 
StdErrMean 1.40% 1.58% 1.85% 1.77% 1.78% 1.13% 1.26% 1.37% 1.58% 1.58% 
 
Grain Fraction Harvest Moisture (%) 
Mean 24.02% 22.90% 21.85% 22.08% 22.34% 27.69% 27.35% 26.25% 25.76% 26.09% 
Variance 0.22% 0.22% 0.23% 0.20% 0.23% 0.49% 0.44% 0.46% 0.43% 0.57% 
StdErrMean 0.65% 0.68% 0.69% 0.63% 0.67% 0.77% 0.74% 0.76% 0.73% 0.83% 
 
Husk Fraction Harvest Moisture (%) 
Mean 34.19% 29.57% 26.29% 24.10% 25.22% 41.93% 38.96% 36.05% 34.93% 35.22% 
Variance 1.29% 1.46% 1.40% 1.14% 1.49% 1.45% 1.68% 1.96% 2.02% 2.05% 
StdErrMean 1.58% 1.73% 1.71% 1.51% 1.72% 1.33% 1.45% 1.57% 1.59% 1.62% 
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Table 5. Fractional Composition of four control hybrids across  years. 
Year 2008 2008 2008 2008 2009 2009 2009 2009 
Hybrid 1 2 3 4 1 2 3 4 
# of 
Observations 
28 28 24 24 24 24 24 23 
 
Top Fraction Cellulose Conc.(%) 
Mean 39.82 40.75 36.46 36.43 36.98 37.49 35.49 34.84 
StdErrMean 0.38 0.35 0.41 0.56 0.40 0.34 0.42 0.50 
Bottom Fraction Cellulose Conc.(%) 
Mean 44.94 46.19 43.51 44.30 43.21 43.17 42.89 42.80 
StdErrMean 0.53 0.40 0.52 0.58 0.43 0.33 0.44 0.36 
Cob Fraction Cellulose Conc.(%) 
Mean 37.11 38.00 38.65 39.04 36.04 35.50 34.57 35.51 
StdErrMean 0.89 0.77 0.55 0.61 0.32 0.37 0.40 0.40 
Husk fraction Cellulose Conc.(%) 
Mean 41.56 42.04 41.23 41.39 37.37 37.91 38.25 37.89 
StdErrMean 0.25 0.43 0.38 0.38 0.31 0.27 0.27 0.41 
Top Fraction Hemicellulose Conc.(%) 
Mean 28.06 27.90 27.44 27.62 26.52 27.56 26.98 26.23 
StdErrMean 0.53 0.55 0.43 0.54 0.29 0.26 0.27 0.32 
Bottom Fraction Hemicellulose Conc.(%) 
Mean 24.12 24.42 24.20 24.57 22.23 21.87 22.61 22.68 
StdErrMean 0.29 0.38 0.41 0.47 0.34 0.29 0.38 0.35 
Cob Fraction Hemicellulose Conc.(%) 
Mean 38.51 38.98 38.14 38.27 37.31 36.67 37.23 36.86 
StdErrMean 0.35 0.33 0.33 0.38 0.38 0.45 0.55 0.56 
Husk fraction Hemicellulose Conc.(%) 
Mean 40.97 41.14 39.49 39.75 38.91 39.28 39.24 39.52 
StdErrMean 0.46 0.49 0.32 0.38 0.41 0.56 0.41 0.38 
Top Fraction Lignin Conc.(%) 
Mean 7.21 6.93 7.41 7.30 7.68 7.66 7.60 7.33 
StdErrMean 0.32 0.33 0.23 0.19 0.18 0.13 0.16 0.17 
Bottom Fraction Lignin Conc.(%) 
Mean 7.72 7.89 8.43 8.49 9.31 9.59 9.32 9.43 
StdErrMean 0.21 0.27 0.21 0.19 0.17 0.14 0.16 0.17 
Cob Fraction Lignin Conc.(%) 
Mean 4.68 4.86 5.52 5.26 4.78 5.42 5.00 4.87 
StdErrMean 0.21 0.19 0.30 0.48 0.10 0.14 0.10 0.13 
Husk fraction Lignin Conc.(%) 
Mean 3.62 3.16 3.91 3.82 3.53 3.39 3.19 3.15 
StdErrMean 0.22 0.15 0.17 0.13 0.10 0.09 0.09 0.10 
Top Fraction Ash Conc.(%) 
Mean 7.43 7.29 8.68 8.30 7.60 6.67 7.84 7.88 
StdErrMean 0.24 0.23 0.32 0.34 0.21 0.17 0.23 0.27 
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Table 5. Continued 
Bottom Fraction Ash Conc.(%) 
Mean 6.68 6.64 6.41 6.41 6.32 6.15 5.85 6.20 
StdErrMean 0.20 0.16 0.26 0.32 0.32 0.35 0.28 0.39 
Cob Fraction Ash Conc.(%) 
Mean 2.22 2.15 1.79 1.73 3.36 2.95 2.36 2.93 
StdErrMean 0.15 0.11 0.07 0.06 0.16 0.13 0.09 0.13 
Husk fraction Ash Conc.(%) 
Mean 2.73 2.98 3.13 3.14 3.62 3.69 3.16 3.22 
StdErrMean 0.07 0.07 0.13 0.13 0.08 0.07 0.07 0.08 
 
134 
 
 
Table 6. Fractional Composition of the four control hybrids separated from two 
densities across years. 
 
Year 2008 2008 2009 2009 
Tpop 69,188 93,898 69,188 93,898 
# of Observations 52 52 48 47 
 
Top Fraction Cellulose Conc.(%) 
Mean 37.76 39.26 35.76 36.70 
StdErrMean 0.40 0.37 0.34 0.31 
Bottom Fraction Cellulose Conc.(%) 
Mean 43.86 45.74 42.73 43.30 
StdErrMean 0.36 0.35 0.30 0.24 
Cob Fraction Cellulose Conc.(%) 
Mean 38.62 37.68 35.69 35.10 
StdErrMean 0.48 0.57 0.25 0.29 
Husk fraction Cellulose Conc.(%) 
Mean 41.48 41.68 38.11 37.58 
StdErrMean 0.24 0.27 0.20 0.25 
Top Fraction Hemicellulose Conc.(%) 
Mean 27.63 27.91 26.64 27.03 
StdErrMean 0.37 0.36 0.21 0.21 
Bottom Fraction Hemicellulose Conc.(%) 
Mean 24.34 24.31 22.16 22.52 
StdErrMean 0.28 0.27 0.24 0.24 
Cob Fraction Hemicellulose Conc.(%) 
Mean 38.94 38.08 36.93 37.12 
StdErrMean 0.21 0.26 0.31 0.37 
Husk fraction Hemicellulose Conc.(%) 
Mean 40.13 40.69 39.21 39.26 
StdErrMean 0.33 0.31 0.28 0.35 
Top Fraction Lignin Conc.(%) 
Mean 6.93 7.48 7.50 7.65 
StdErrMean 0.20 0.19 0.11 0.12 
Bottom Fraction Lignin Conc.(%) 
Mean 7.89 8.32 9.38 9.44 
StdErrMean 0.18 0.13 0.11 0.11 
Cob Fraction Lignin Conc.(%) 
Mean 5.27 4.84 5.12 4.92 
StdErrMean 0.22 0.20 0.08 0.09 
Husk fraction Lignin Conc.(%) 
Mean 3.62 3.60 3.31 3.33 
StdErrMean 0.15 0.10 0.07 0.07 
Top Fraction Ash Conc.(%) 
Mean 8.09 7.67 7.78 7.20 
StdErrMean 0.21 0.21 0.17 0.16 
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Table 6. continued 
 
Bottom Fraction Ash Conc.(%) 
Mean 6.71 6.39 6.42 5.84 
StdErrMean 0.15 0.17 0.25 0.21 
Cob Fraction Ash Conc.(%) 
Mean 1.77 2.21 2.63 3.18 
StdErrMean 0.08 0.08 0.09 0.11 
Husk fraction Ash Conc.(%) 
Mean 3.05 2.92 3.47 3.39 
StdErrMean 0.07 0.07 0.05 0.07 
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Table 7.  
 Mean Square Error from the Analysis of Variance for Control Data Set Mass by Stover Fraction. 
 
Source  df 
U
p
p
er Stalk 
Fractio
n
 
To
n
s(m
)/h
a 
Lo
w
er Stalk 
Fractio
n
 
To
n
s(m
)/h
a 
C
o
b
 Fractio
n
 
To
n
s(m
)/h
a 
H
u
sk Fractio
n
 
To
n
s(m
)/h
a 
G
rain
 Fractio
n
 
To
n
s(m
)/h
a 
To
tal Sto
ver 
To
n
s(m
)/h
a 
Year 1 0.01 46.5* 2.5** 2.41** 0.25 89.32* 
Site(Year) 17 1.95*** 9.19*** 0.29*** 0.19*** 37.25*** 13.91*** 
Plant Population 4 1.23*** 6.1*** 0.21** 0 10.61** 13.76*** 
Year*Plant Population 4 0.25 0.7* 0.02 0.01 2.52 1.46 
Site*Plant Population(Year) 68 0.15 0.56* 0.04 0.02 2.6 1.25 
Hybrid 3 0.64* 2.03** 0.84*** 0.9*** 26.89** 15.10*** 
Year*Hybrid 3 1.56** 1.25* 0.11 0.06 6.28 7.36** 
Site*Hybrid(Year) 29 0.19 0.37 0.04 0.03** 5.49 2.96 
Plant Population*Hybrid 12 0.13 0.27 0.06 0.02 3.64* 1.31 
Year*Plant 
Population*Hybrid 12 0.1 0.57 0.06 0.01 3.34 1.31 
Intactness (Covariate) 1 3.31*** 1.19 0 0 5.88 3.57 
Error 
 
0.16 0.41 0.04 0.01 1.9 1.02 
Error Degrees of Freedom   331 334 328 326 322 311 
* = p<.05    ** = p<.01    *** = 
p<.001 
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Table 8.   
Mean square error values from the analysis of variance for stover composition and nutrients for upper stalk fraction.  
 
Source  df 
U
p
p
er Stalk M
o
istu
re %
 @
 
H
arvest  
U
p
p
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e
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lo
se %
 
D
M
B
 
U
p
p
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se 
%
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M
B
 
U
p
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M
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U
p
p
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M
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U
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p
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n
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n
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 D
M
B
 
U
p
p
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h
o
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h
o
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C
o
n
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n
 w
/w
 D
M
B
 
U
p
p
er Stalk P
o
tassiu
m
 
C
o
n
cen
tratio
n
 w
/w
 D
M
B
 
Year 1 2018.55 195.21** 29.00 3.2 9.15 4.64*** 0.0019 9.5*** 
Site(Year) 17 2392.03 13.91 28.23 8.7 11.95 0.27 0.0043 0.24 
Plant Density 1 2030.99** 75.55** 4.21 5.96*** 11.52*** 0.07 0.0008 0.29** 
Year*Plant Density 1 89.15 2.84 1.10 1.54* 0.26 0.00 0.0002 0 
Site(Year)*Plant Density 17 132.28 5.00 2.30 0.29 0.37 0.02 0.0007 0.03 
Hybrid 3 485.27*** 20.49** 1.42 0.72 4.49*** 0.06* 0.0007 0.01 
Year*Hybrid 3 30.14 3.93 3.36 0.91 2.72** 0.01 0.0003 0.01 
Site(Year)*Hybrid 29 59.25 3.79 1.78 0.46 0.58 0.01 0.0006 0.02 
Plant Density*Hybrid 3 255.88 2.54 3.56 0.11 0.19 0.02 0.0012 0.02 
Year*Plant Density*Hybrid 3 65.80 0.04 8.03 0.19 0.53 0.01 0.0017 0.01 
Error 
 
57.33 2.60 2.23 0.72 0.52 0.02 0.0007 0.02 
Error df 
 
118 119 119 119 119 119 120 120 
* = p<.05;  ** = p<.01;  *** = p<.001 
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Table 9.  
Mean square error values from the analysis of variance for stover composition and nutrients for lower stalk fraction. 
 
Source      df 
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w
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h
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h
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C
o
n
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n
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/w
 D
M
B
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w
er Stalk P
o
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m
 
C
o
n
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n
 w
/w
 D
M
B
 
Year 1 1146.94 135.7** 176.44** 88.9*** 8.89 6.52*** 0.0112 16.88 
Site(Year) 17 1189.27 14.09 12.30 3.59 6.82 0.24 0.0023 1.00 
Plant Density 1 1294.98*** 74.34** 1.48 3.17* 7.53* 0.03 0.0017 0.10 
Year*Plant Density 1 160.41 13.04 3.29 1.25 0.20 0.00 0.0004 0.17 
Site(Year)*Plant Density 17 79.99 5.40 2.27 0.57 1.57 0.04 0.0001 0.18 
Hybrid 3 871.48*** 4.56 2.67 1.19 1.08 0.06 0.0002 0.11 
Year*Hybrid 3 172.16 5.90 0.87 1.23 0.51 0.04 0.0002 0.05 
Site(Year)*Hybrid 29 100.70 5.03 2.17 0.56 1.92 0.02 0.0006 0.15 
Plant Density*Hybrid 3 175.98 0.86 0.50 0.37 0.44 0.02 0.0001 0.04 
Year*Plant Density*Hybrid 3 73.78 1.29 1.13 0.36 0.71 0.02 0.0004 0.07 
Error 
 
132.30 3.40 2.60 0.76 1.39 0.03 0.0005 0.18 
Error df 
 
119 119 119 119 119 119 120 120 
* = p<.05;  ** = p<.01;  *** = p<.001 
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Table 10.  
Mean square error values from the analysis of variance for stover composition and nutrients for the cob fraction. 
 
Source  df 
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Year 1 102.61* 263.93 74.15 1.01 36.27*** 0.94 0.0006 0.25 
Site(Year) 17 702.44 55.16 17.26 3.80 1.03 0.29 0.0058 0.14 
Plant Density 1 133.38 10.24 4.89 9.04* 11.84*** 0.13** 0.0043** 1.2*** 
Year*Plant Density 1 44.91 0.27 9.79* 2.79 0.08 0.01 0.0004 0.09* 
Site(Year)*Plant Density 17 49.77 6.18 2.08 1.66 0.24 0.01 0.0003 0.02 
Hybrid 3 1636.86*** 7.44 1.46 3.03* 2.41*** 0.07 0.0007 0.11* 
Year*Hybrid 3 346.04 5.13 5.02 1.67 1.03* 0.01 0.0006 0.02 
Site(Year)*Hybrid 29 134.86 4.82 3.86 0.72 0.27 0.03 0.0005 0.03 
Plant Density*Hybrid 3 11.70 6.87 4.89 0.40 0.68 0.08 0.0005 0.07 
Year*Plant Density*Hybrid 3 122.81 5.62 1.02 0.19 0.64 0.15 0.0007 0.07 
Error 
 
70.37 3.41 2.65 1.14 0.16 0.02 0.0004 0.02 
Error df 
 
113 115 115 115 114 115 118 118 
* = p<.05;  ** = p<.01;  *** = p<.001 
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Table 11.  
Analysis of Variance for Stover Composition and Nutrients for Husk Fraction. 
 
 
Source  df 
H
u
sk M
o
istu
re %
 @
 
h
arvest 
H
u
sk C
ellu
lo
se %
 D
M
B
 
H
u
sk H
e
m
icellu
lo
se %
 
D
M
B
 
H
u
sk Lign
in
 %
 D
M
B
 
H
u
sk A
sh
 %
 D
M
B
 
H
u
sk N
itro
ge
n
 
co
n
cen
tratio
n
 w
/w
 D
M
B
 
H
u
sk P
h
o
sp
h
o
ru
s 
C
o
n
cen
tratio
n
 w
/w
 D
M
B
 
H
u
sk P
o
tassiu
m
 
C
o
n
cen
tratio
n
 w
/w
 D
M
B
 
Year 1 3578.61* 602.3*** 50.64 2.88 7.53** 2.79*** 0.0003 0.23 
Site(Year) 17 670.37 10.20 14.16 1.45 0.73 0.10 0.0008 0.07 
Plant Density 1 284.64 1.88 3.03 0.10 0.51 0.1* 0.0011 0.01 
Year*Plant Density 1 672.06* 7.79 0.00 0.11 0.07 0.00 0.0000 0.01 
Site(Year)*Plant Density 17 116.15 2.16 6.11 0.69 0.16 0.02 0.0004 0.05 
Hybrid 3 6.93 3.80 4.91 0.88 0.39 0.01 0.0003 0.07* 
Year*Hybrid 3 229.95 0.15 5.71 0.22 0.66* 0.00 0.0001 0.10** 
Site(Year)*Hybrid 29 295.94 2.13 6.99 0.31 0.18 0.01 0.0003 0.02 
Plant Density*Hybrid 3 58.35 0.53 4.52 1.63 0.05 0.00 0.0001 0.03 
Year*Plant Density*Hybrid 3 219.19 0.96 5.54 1.08 0.03 0.01 0.0002 0.03 
Error 
 
116.17 1.03 2.55 0.38 0.11 0.01 0.0002 0.02 
Error df 
 
114 114 114 114 114 114 118 118 
* = p<.05;  ** = p<.01;  *** = p<.001 
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APPENDIX B 
 
Table 1. Means summary for individual plant measurements analyzed by planting 
density and year. 
 
Year 
P
lan
t 
P
o
p
u
latio
n
 
m
-2 
B
ase D
ia 
(cm
) 
Ear D
ia 
(cm
) 
EH
T (cm
) 
P
H
T (cm
) 
B
o
tto
m
 
V
o
l(cm
3
) 
To
p
 
V
o
l(cm
3
) 
W
h
o
le 
P
lan
t V
o
l 
(cm
3
) 
2011 5.9 2.40 1.61 102.49 225.48 136.18 84.06 240.63 
2011 7.4 2.32 1.53 104.06 225.14 126.16 74.86 227.27 
2011 8.8 2.24 1.46 108.66 230.23 119.39 68.93 218.03 
2011 10.4 2.18 1.41 110.06 229.23 113.43 62.81 207.20 
2011 11.9 2.13 1.38 107.16 228.97 106.63 60.86 195.05 
  2011 Mean 2.25 1.48 106.49 227.81 120.36 70.30 217.64 
  LSD 0.05 0.14 0.07 6.13 6.46 11.10 8.34 25.63 
  
       
  
Year 
P
lan
t 
P
o
p
u
latio
n
 
m
-2 
B
ase D
ia 
(cm
) 
Ear D
ia 
(cm
) 
EH
T (cm
) 
P
H
T (cm
) 
B
o
tto
m
 
V
o
l(cm
3
) 
To
p
 
V
o
l(cm
3
) 
W
h
o
le 
P
lan
t V
o
l 
(cm
3
) 
2012 7.4 2.25 1.57 97.73 218.51 121.69 78.46 213.11 
2012 8.8 2.17 1.53 98.56 216.79 114.93 72.73 198.62 
2012 10.4 2.14 1.50 100.31 217.40 111.70 69.55 193.57 
2012 11.9 2.08 1.45 99.30 216.52 104.34 65.20 180.72 
  2012 Mean 2.16 1.51 98.98 217.31 113.17 71.49 196.51 
  LSD 0.05 0.09 0.06 8.54 2.69 8.68 9.74 19.69 
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Table 2. Average fractional stover mass by individual hybrid, and density for 2011. 
Year 
P
lan
t 
P
o
p
u
latio
n
 
m
-2 
H
yb
rid
 
To
p
 (kg 
h
a
-1) 
B
o
tto
m
 
(kg h
a
-1 ) 
C
o
b
 (kg 
h
a
-1) 
H
u
sk (kg 
h
a
-1)  
G
rain
 (kg 
h
a
-1) 
H
arvest 
In
d
ex 
2011 5.9 1 2071.8 3187.4 975.3 545.6 9387.6 0.58 
2011 5.9 2 2010.8 3789.2 1341.3 608.8 10111.5 0.57 
2011 5.9 3 2464.9 3192.9 953.9 741.3 10391.2 0.59 
2011 5.9 4 2724.2 3690.0 1097.1 961.1 10388.9 0.55 
2011 5.9 5 2711.2 4614.6 1340.1 779.5 10352.7 0.52 
2011 5.9 6 2495.1 5470.8 1390.0 696.3 11062.3 0.52 
  
       
  
2011 7.4 1 2180.7 3589.5 1035.9 525.3 10167.9 0.58 
2011 7.4 2 2055.5 4041.4 1419.0 589.6 10476.1 0.56 
2011 7.4 3 2716.4 3550.7 1079.3 817.3 11649.9 0.59 
2011 7.4 4 2644.7 3816.0 1184.5 966.0 11697.3 0.58 
2011 7.4 5 3228.2 5194.4 1511.4 824.9 12217.0 0.53 
2011 7.4 6 2717.2 5503.6 1507.2 704.1 12169.3 0.54 
  
       
  
2011 8.8 1 2319.4 3880.1 1046.4 584.3 10845.3 0.58 
2011 8.8 2 2303.8 4444.8 1559.0 627.4 11528.2 0.56 
2011 8.8 3 3069.3 4007.3 992.1 748.3 12073.5 0.58 
2011 8.8 4 3496.8 4784.2 1249.5 1022.7 12742.0 0.55 
2011 8.8 5 3179.0 5158.5 1521.0 710.8 11694.2 0.53 
2011 8.8 6 2806.8 6656.0 1632.5 737.0 13099.0 0.53 
  
       
  
2011 10.4 1 2747.1 4058.2 1064.7 569.4 11132.4 0.57 
2011 10.4 2 2603.6 4819.5 1561.0 651.6 12570.4 0.57 
2011 10.4 3 3122.0 4227.7 1139.5 789.3 12543.0 0.57 
2011 10.4 4 3252.2 4539.2 1245.6 1005.1 13079.3 0.57 
2011 10.4 5 3215.4 6311.1 1718.9 784.1 13717.1 0.53 
2011 10.4 6 2735.9 7032.8 1656.5 697.3 13465.1 0.53 
  
       
  
2011 11.9 1 2711.8 4426.1 1083.1 533.6 11305.5 0.56 
2011 11.9 2 2556.4 5063.2 1730.8 670.3 12254.6 0.55 
2011 11.9 3 3082.2 4564.7 1028.4 771.6 12999.1 0.58 
2011 11.9 4 3382.2 4907.8 1318.4 1077.9 13528.7 0.56 
2011 11.9 5 3303.9 5875.5 1677.5 736.2 13305.1 0.53 
2011 11.9 6 3102.3 7140.3 1637.6 747.4 13824.6 0.52 
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Table 3. Average fractional stover mass by individual hybrid and density for 2012. 
Year 
P
lan
t 
D
en
sity 
H
yb
rid
 
To
p
 
(kg/h
a) 
B
o
tto
m
 
(kg h
a-1
 ) 
C
o
b
 (kg 
h
a-1
 ) 
H
u
sk (kg 
h
a-1
  
G
rain
 (kg 
h
a-1
 ) 
H
arvest 
In
d
ex 
2012 7.4 7 3060.6 5831.4 1234.4 884.7 10466.1 0.49 
2012 7.4 8 2727.1 4868.4 1296.3 854.1 10045.4 0.51 
2012 7.4 9 3485.4 5302.0 1354.9 945.7 9806.8 0.47 
2012 7.4 10 2454.2 6155.6 1184.1 757.9 10011.6 0.49 
  
       
  
2012 8.8 7 3284.1 6141.9 1352.8 1034.4 11586.8 0.50 
2012 8.8 8 2761.3 5676.4 1391.2 803.3 11128.6 0.51 
2012 8.8 9 3848.7 5733.5 1485.9 989.8 10996.2 0.48 
2012 8.8 10 2723.4 6735.4 1098.3 768.9 10019.0 0.47 
  
       
  
2012 10.4 7 3173.6 7162.2 1421.4 1074.5 10649.1 0.45 
2012 10.4 8 2993.2 6073.6 1479.9 812.6 11859.8 0.51 
2012 10.4 9 4128.7 6426.5 1466.7 989.4 11153.2 0.46 
2012 10.4 10 3006.7 6835.2 1226.0 806.8 10640.0 0.47 
  
       
  
2012 11.9 7 3627.6 7015.4 1515.4 1045.8 10989.5 0.45 
2012 11.9 8 3060.5 6435.6 1527.5 797.0 12043.9 0.50 
2012 11.9 9 3830.3 6233.1 1521.8 944.2 10648.8 0.46 
2012 11.9 10 2775.2 7033.9 1133.7 721.6 9989.2 0.46 
 
 
